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Introduction 


An account was published in 1929 (28) dealing with the effect of vary- 
ing amounts of potassium upon the growth, enzyme activity, moisture per- 
centage, sugar content, cellular structure, and microchemistry of the sugar 
eane, variety Louisiana Purple. Suggestions were offered regarding the 
causes of the symptoms of potassium starvation, and an attempt was made 
to connect as cause and effect several derangements in the morphology and 
the physiology of sugar cane which were found to accompany the lack of 
potassium. The object of the present investigation was to repeat and ex- 
pand the former study and thus to approach a better understanding of the 
role of potassium in the sugar cane plant. 

The research program, of which this is the first report, included deter- 
minations of the enzymes invertase, amylase, and ereptase; analyses of 
moisture content, ash, total and amino nitrogen, reducing sugars and 
sucrose; the hydrogen ion concentration, titratable acidity, and titration 
curves of the juices expressed from the leaves, stems, and roots; some micro- 
chemical and histological observations, and studies conducted during the 
growth of the plants. As indicated by the title, this paper reports some 
effects of potassium upon the growth and ash constituents of sugar cane; 
the following paper deals with the nitrogenous and carbohydrate metabo- 


1 This investigation was conducted in 1931-1932 with the aid of the Sarah Berliner 
Research Fellowship of the American Association of University Women, at the Experi- 
ment Station of the Hawaiian Sugar Planters’ Association, and is published at the ex- 
pense of the Hawaiian Sugar Planters’ Association. To both of these organizations the 
writer desires to express gratitude. 
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lism and enzyme activity of cane as affected by varying amounts of potas- 
sium. 

MeEtTHOops.—Saccharum officinarum, variety H 109, was used in this 
investigation. This is the most important commercial variety grown in 
Hawaii at the present time under irrigated conditions. Healthy cane was 
gathered in the field July 14, 1931, cut to three-eye pieces and soaked in 
water for one hour. It was then given the hot water treatment (52° C. for 
20 minutes) to destroy the stalk mite and to hasten germination. It was 











Fig. 1. Arrangement of sugar cane plants at time of transplanting, September 3, 1931. 


planted in quartz sand in flats in the greenhouse and watered daily with 
tap water. 

On September 3, 1931, young shoots were cut from the original ‘‘seed 
pieces,’’ or cuttings, with about 1 inch of the cutting remaining attached 
to each plant, and were planted singly in 5-gallon, glazed, earthen- 
ware crocks and were watered with distilled water. The plants were not 
absolutely uniform at the time of transplanting, varying from 54 to 99 em. 
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in length, this measurement being taken to the tip of the longest leaf. Most 
of the plants had well developed shoot roots. The few which were still 
dependent upon the seed-piece roots survived transplanting and grew as 
well as the others. The sand had been cleaned by the method described in 
the former paper. The pots were covered with overlapping pieces of lac- ; 
quered cardboard, 4 mm. thick, with a central hole fitting the plant. This 

hole was enlarged and shaped when necessary to accommodate the develop- 
ing secondary shoots. Drainage was maintained as described in the former 
paper. The condition and set-up of the experiment at the time of trans- 
planting, September 3, 1931, are shown in figure 1. 

Forty plants were grown in this experiment, eight in each of five differ- 
ent treatments. They were watered with the nutrient solutions for the first 
time on September 15, 1931. At first each plant received 1 liter of solution 
twice a week. This amount was increased from time to time, until in April, 
when the plants were finally harvested, the control plants were each receiv- 
ing 3 liters every day. Because this amount was generally insufficient for 
the plants in series 2, there being none left to drain out the following day, 
these plants were each given 4 liters per day at the end of the experiment. 
The plants ‘in the other series required less water because of their smaller 
size. The series of plants were numbered 1 to 5, corresponding to the solu- 
tions, in the order of decreasing amounts of potassium. Beginning Janu- 
ary 13, 1932, two of the most poorly developed plants in series 4 and 5 were 
given the control solution regularly in order to study their recovery from 
potassium starvation. The two plants which were changed from solution 
4 to solution 1 were then designated series 6; those changed from solution 
5 to the control solution were then called series 7. 

The plants were grown in a well ventilated glasshouse and were kept on 
ant-proofed benches. 

The nutrient solutions were a modification of SHIVE’s ‘‘best solution”’ 
(65) and were prepared from the following stock solutions: 





EN cede cee risen Volume molecular solution 
Nee: BP “ Kj " 
Ca(NO,).-4H,0 Te x a “ 
pe ee nee ace - Hig 
Comtru,.), ae... 0.05 Volume molecular solution 
iL __) SRR ae ae Nenana Saturated solution 


The composition of the nutrient solutions is given in table I. 

The reaction of the solution varied from pH 6.3 to 6.5, using chlor- 
phenol red and bromthymol blue as indicators. 

Iron was originally added as ferric phosphate but by September 24 
some of the plants were beginning to become chlorotic. Washing the 
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chlorotic leaves with a 5 per cent. solution of ferrous sulphate produced a 
deeper shade of green within two or three days. Possibly ferric phosphate 
is not a satisfactory source of iron because it is too insoluble to supply the 
need of cane. Beginning October 7, 1931, enough iron in the form of fer- 
rous sulphate was added to the sand to keep the plants green. 

Since in the latter part of December the plants developed typical symp- 
toms of Pahala blight (described later in this paper), the nutrient solutions 
were modified in several ways. Beginning January 4, 1932, 0.1 p.p.m. 
manganese was added to the solutions as MnSO,-:4H,O. Beginning March 
3, the amount of manganese was doubled in solutions 1 and 2, and on March 
23 the quantity was again doubled so that thereafter the plants in series 1 
and 2 received 0.4 p.p.m. In addition, some of the leaves were washed with 
manganous sulphate, others with ferrous sulphate, and finally all of the 
leaves were dusted with a mixture of manganous sulphate and sulphur. The 
relative value of these treatments will be discussed later; suffice it to say at 
this point that by the time of the final harvest, April 27, the symptoms of 
Pahala blight had practically disappeared. 

Because many of the sheaths showed a tendency to rot, this condition 
becoming apparent early in March, 1932, and because the ash analyses of 
the plants harvested on November 20, 1931, indicated that the leaves might 
be deficient in silicon, on March 22 dialyzed silica was added to the solu- 
tions. This was added at the rate of approximately 33 p.p.m. Si. 

Several staff members of this Station have found that titanium aids in 
overcoming certain types of chlorosis in sugar cane (unpublished data). 
Beginning April 4, 1932, titanium nitrate was included in the solutions, at 
the rate of 10 p.p.m. Ti. 

Several sugar cane insects gave trouble during the growing of the plants. 
These included the armyworm, Spodoptera mauritia Boisd.; the cane aphis, 
Aphis sacchari Zehnt.; the gray sugar cane mealybug, Trionymus boninsis 
Kuwana; the pink sugar cane mealybug, Trionymus sacchari Ckll.; the stalk 
mite, Tarsonemus spinipes Hirst; and the so-called red spider or leaf mite, 
Tetranychus exsiccator Zehnt. An attempt was made to combat the leaf 
mite and cane aphis by spraying the plants with distilled water but without 
success. The plants were thereafter sprayed once a week with Black Leaf 
40. This was found to check the insects but not to prevent their develop- 
ment entirely. 

COLLECTION AND PREPARATION.—The plant material was harvested at 
three different intervals, being collected between 10 and 12 o’clock on sunny 
mornings. 

On November 20, 1931, two plants of each of the series were harvested. 
The tops were cut from the roots, photographed, weighed, and separated 
into blades, sheaths, and stems. These were chopped separately in an 
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Athol chopping machine. Duplicate samples of blades and stems to be used 
for moisture determinations were placed in weighed aluminum boxes, 
treated with 1 ce. 95 per cent. aleohol, and weighed immediately. Weighed 
samples of blades and stems for sugar and nitrogen determinations were 
taken in duplicate, placed in Erlenmeyer flasks, each containing 1 gm. of 
calcium carbonate (to neutralize acids), and boiled with 100 ce. 95 per cent. 
alcohol. These samples were stored in the dark until ready for analysis. 
The remainder of the ground material was spread out between layers of 
filter paper and dried in a current of air at room temperature. It was then 
stored in desiceators in the dark. This material was used for enzyme deter- 
minations and for ash analyses. The roots were removed from the sand the 
following day and were dried without being ground. 

On December 4, two plants from each of series 1 and 3 were removed 
from the crocks, the roots included. Photographs and weights were taken. 
The plants were separated into blades, sheaths, stems, and roots and were 
ground as just described, the sheaths being discarded. The ground mate- 
rial was placed in large Pyrex test tubes, stoppered, and the tops covered 
securely with wax paper. They were then frozen in a salt-ice mixture. The 
juice was expressed and used for determining the titratable acidity, hydro- 
gen ion concentration, and titration curves, the results of which are 
reported in the second paper of this series. 

On April 27, 1932, the final harvest was conducted, which consisted of 
all the remaining plants. The method was essentially the same as that of 
the November collection, except that the tops and roots were removed to- 
gether from the sand. The blades were ground with a Russwin food cutter 
no. 3. The stems were sliced with a Sterling slicer no. 2 before being 
ground. As before, the roots were dried without being ground. Samples 
were taken in the same way as in the November harvest. The material for 
enzyme and ash analyses was dried in a current of air at a temperature not 
exceeding 43° C. and generally somewhat lower. 


Results 
1. STUDIES DURING GROWTH 


A. SYMPTOMS OF POTASSIUM DEFICIENCY.—The symptoms of potassium 
starvation which developed in this investigation were depressed growth of 
the entire plant, discoloration of the leaves, and dieback of the leaf tips. 
The plants grew rapidly and at first showed no real differences in their 
growth rates. Watering with the nutrient solutions was started on Sep- 
tember 15, 1931. By October 7, i.e., three weeks after starting the plants 
in the nutrient solutions, a slight gradation in growth was found, corre- 
sponding to the amount of potassium supplied, as shown in table II. This 
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gradation was noticeable in the figures for average size but could not be 
detected by just glancing at the plants. Growth in length is a measure- 
ment taken to the tip of the longest leaf. The total growth in length was 
determined by adding the growth in length of the main shoot to the total 
length of the tillers. This gave the total growth in length for the period 
from September 23 to October 7, because on September 23 the few secon- 
dary shoots were all still under the covers. Length measurements were all 
taken from the top of the cover because of the variation in the depth of the 
sand. 

Differences in colors were hard to detect on October 7. Some of the 
lower leaves of the plants in series 4 and 5 were a little yellow, but whether 
this was the first discoloration due to potassium deficiency is hard to say 
because some of the leaves of series 1 were also slightly yellow. 

On October 10 it was noticed for the first time that several of the leaves 
of the plants of series 3, 4, and 5 had conspicuous red areas on the upper 
surfaces of the midribs. There was no such discoloration on the midribs 
of series 1 and 2. The course of the development of red midribs and the 
histological studies and other investigations dealing with them will be con- 
sidered later. They are illustrated in the plate. 

The yellow condition of the lower leaves of the potassium-deficient 
plants became more pronounced. Gradually the edges of the leaves turned 
brown and died. This was accompanied by the dying and curling of the 


TABLE II 


MEASUREMENTS OF PLANTS TAKEN OCTOBER 7, 1931, THREE WEEKS AFTER WATERING WITH 
NUTRIENT SOLUTIONS WAS BEGUN 














AVERAGE GROWTH IN 
LENGTH OF MAIN AVERAGE TOTAL AVERAGE TOTAL AVERAGE 
SERIES SHOOTS, SEPT. 23 LENGTH OF TILL- GROWTH IN | NUMBER OF 
To Oct. 7 ERS, OcT. 7 LENGTH | TILLERS 
cm, | em. cm, 
| eee | 32.06 61.1 93.16 2.37 
2 | 37.02 63.9 | 100.92 2.25 
| ‘ ” rs 
eres 28.6 | 53.18 81.78 2.5 
4 | 25.4 | 44.7 | 70.1 | 2.25 
Po ces 25.4 | 38.0 | 63.4 2.0 











tips of the leaves, a condition known as dieback. Small red and red-brown 
spots developed in the laminae of the blades of the plants deficient in potas- 
sium. These symptoms were most fully developed in the plants of series 
4 and 5, between which no difference could be observed. At first they were 
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not so conspicuous in series 3 as in 4 and 5; they never developed in series 
1, and occurred only slightly in series 2 toward the end of the experiment. 
By October 23, the plants of series 3, 4, and 5 showed definite symptoms, 
including decreased growth, discoloration, and dieback. Figures 2 to 














Fies. 2 and 3. Series 1 (controls), on October 27, 1931, six weeks after starting 
them in the nutrient solutions. Series 2 on October 27, 1931. 


6 show the plants on October 27, six weeks after starting them in the nutri- 
ent solutions. A definite gradation in size will be noted, as will also the 
similarity of the plants of series 4 and 5. 
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Fies. 4-6. Series 3 (above) on October 27, 1931. Series 4 (middle) on October 
27, 1931. Series 5 (below) on October 27, 1931. 


The plate shows the typical colors of the plants. The sketches were made 
by a Station artist November 5 and 6, 1931, in the greenhouse from the liv- 
ing leaves. A shows a typical leaf from a control plant. It will be noted 
that there are some very small light green flecks on the lamina. Whether 
these are due to insect injury or are a similar condition (only less devel- 
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oped) to the red spots on the plants deficient in potassium was not ascer- 
tained. Histological studies by WELLER of this Station showed no myee- 
lium. B, C, and D show the typical colors of the plants deficient in 
potassium ; light, yellow-green laminae, yellow-brown edges, red midribs, 
red flecks in the laminae, and dieback. B shows the color of a midrib soon 
after it has become red, while C shows the darkening of the discoloration 
as the leaf ages. More will be said later regarding which of these may be 
considered primary and which secondary symptoms of potassium deficiency. 

Symptoms of potassium deficiency under field conditions are the same 
as those already described. Similar symptoms also developed in the former 
investigation (28), with the exception of the red midribs. The yellow dis- 
coloration between the veins of the upper leaves occurring in the Chicago 
studies was probably due to a slight development of Pahala blight rather 
than to potassium deficiency. It would seem now that the symptoms of 
potassium deficiency in sugar cane are well established, comprising de- 
creased growth of the entire plant, dieback of the leaf tips, and the discol- 
orations of the blades as shown in the color plate. The brown edges and tips 
of the blades and yellowish green color of the laminae are primary symp- 
toms while, as will be shown later, the red discoloration of the midribs is 
considered secondary. 

The first harvest, consisting of two plants from each series, was con- 
ducted November 20, 7.e., about nine weeks after watering with the nutrient 
solutions was started. Averages of the measurements of the plants taken 
on November 19 are presented in table III. ‘‘Dewlap’’ is a term commonly 
applied in sugar cane parlance to the joint between the blade and the 
sheath. The height of the highest emerged dewlap is considered the best 
measurement of the growth of cane. According to VAN DEVENTER (69), 


TABLE III 
MEASUREMENTS TAKEN NOVEMBER 19, NINE WEEKS AFTER STARTING THE PLANTS IN THE 
NUTRIENT SOLUTIONS, IN AVERAGES 


LENGTH TOTAL BREADTH | No. oF 











HES | No. or 

SERIES OF MAIN LENGTH OF ee OF LONG- | Eapiond RED 

SHOOTS TILLERS sien EST LEAF | cure MIDRIBS 

| 
| em, em, em, ecm, 
\ 189.4 566.7 | 38.6 4.1 12.0 0.0 
Be Gao 192.6 787.7 36.7 3.9 13.0 6.7 
3 163.9 | 332.9 25.5 3.1 2.7 17.0 
| } 
140.2 181.0 20.1 2.7 2.2 10.5 
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145.1 | 243.7 20.3 2.7 2.5 19.7 
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the highest leaf joint is about 30 em. above the real vegetative point because 
the sheath of that leaf is fully grown, or nearly so. Breadth of leaf is a 
measurement taken at the broadest part of the longest leaf; this is generally 
about the middle of the leaf. The average growth of the plants for the 
period November 3 to 19 is given in table IV. Fresh weights of blades, 
sheaths, and stems, and air-dry weights of roots of the plants collected No- 
vember 20 are given in table V. Tables III to V show that nine weeks after 
starting the plants in the nutrient solutions, the plants of series 1 and 2 
were considerably larger in every measurement than the plants starved for 
potassium, series 3 to 5. 


TABLE IV 


AVERAGE GROWTH, NOVEMBER 3 TO 19 












































LENGTH OF HIGHEST LENGTH OF | 
SERIES MAIN SHOOTS DEWLAP | TILLERS No. OF TILLERS 
cm, cm, | cm. 
Discs 15.4 7.7 | 262.6 5.5 
2 .. 17.5 5.0 464.2 5.0 
| ee 14.9 2.1 73.8 Decreased in number 
_ eomee 4.9 0.0 0.0 oF 
5 12.7 0.2 55.7 " 
TABLE V 
AVERAGE WEIGHTS OF PLANTS, NOVEMBER 20 
FRESH WEIGHT AIR-DRY WEIGHT 
SERIES ET i ee 
BLADES SHEATHS | STEMS TOTAL TOPS Roots 
gm. gm. } gm gm, | gm. 
peer 256.0 | 1880 | 81.0 526.0 | 23.7 
Rare 269.2 196.0 86.2 551.0 28.7 
: en 130.0 71.2 24.0 225.2 11.2 
4 craves * 68.0 30.0 9.2 107.7 | 5.8 
ee 78.7 35.0 14.0 128.2 | 6.0 
' | 











In most measurements the plants of series 2 averaged larger than those 
of series 1. Attention is drawn to the close similarity between the plants 
of series 4 and 5; where there is a difference between them it is in favor 
of series 5. Evidently sodium does not replace potassium in the growth of 
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sugar cane. Figures 7 to 11 show the plants at the time of harvesting, 
November 20, 1931. 

Besides the colors, which are shown in the plate, several other differences 
should be mentioned. There was a gradation in the development of wax on 
the stems correlated with the supply of potassium. The roots showed a 








Fies. 7 and 8. Typical plant (left) of series 1 (control) on November 20, 1931, nine 


weeks after starting the plants in the nutrient solutions. Typical plant (right) of series 


on November 20, 1931. 


gradation in size and condition, those of series 1 and 2 being large, firm, 
and white and those of the plants deficient in potash being small, poorly 
developed, and discolored yellow and brown. 

The second harvest was conducted December 4, eleven weeks after start- 
ing the plants in the nutrient solutions. At this time two plants from each 
of series 1 and 3 were collected. Table VI gives the average measurements 
of all the plants taken December 3. Table VII gives the weights of the 
tops and roots of the plants harvested December 4, 1931. 


9 


~ 














HARTT: POTASSIUM AND SUGAR CANE 411 





Fic. 9. Typical plant of series 3 on November 20, 1931. 


Figures 12 and 18 illustrate the plants just after they were removed 
from the crocks. 

On January 13, about four months after starting the plants in the nutri- 
ent solutions, two of the most poorly developed plants of series 4 and 5 were 


TABLE VI 


AVERAGE SIZE OF PLANTS, DECEMBER 3, ELEVEN WEEKS AFTER STARTING SOLUTIONS 























Senres LENGTH OF BREADTH OF HIGHEST No. oF 
MAIN SHOOTS LONGEST LEAF DEWLAP TILLERS 
cm, cm. cm, 
) See 196.1 4.5 47.2 11.5 
Genera 198.9 4.2 42.5 12.5 
. Cee 165.0 3.0 25.8 4.5 
is 143.5 | 2.5 21.3 3.0 
bane 150.1 | 2.7 22.3 | 2.5 
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Figs. 10 and 11. Typical plant (above) of series 4 on November 20, 1931. Typical 


plant (below) of series 5 on November 20, 1931. 


given solution 1, this treatment being continued to the end of the experi- 
ment. Their appearance on January 13, before starting the new treatment, 
is shown in figure 14. Thereafter these were called series 6 and 7 respec- 
tively. They immediately started to grow. The stems which were already 
formed became more rigid, straightened up, lengthened, and increased in eir- 
cumference. Adventitious roots developed at the base of the stem, which 
acted like prop roots in supporting the rapidly developing stems. Buds 
also developed at the bases of the stems, and quickly formed new shoots. 
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The old leaves, which exhibited the symptoms of potash deficiency, dried 
up, died and fell down; the newly developed leaves were as green and 
nearly as large as those of the plants of series 1. The increased growth of 
the stems is shown graphically in figure 15. By the latter part of Febru- 
ary, these plants had overtaken and surpassed the plants of series 3 


in development. It is interesting that series 7 showed a greater capacity 
for recovery than did series 6. Their measurements at the time of the final 


TABLE VII 


WEIGHTS OF TOPS AND ROOTS, DECEMBER 4 











PLANT | Tops | Roots 
| gm. gm 

1G | 800.0 448.0 

1H | 885.0 354.9 

3G | 222.0 201.0 

3H | 265.5 246.0 





harvest, April 27, are given in tables VIII and IX; their appearance at that 
time is shown in figures 21, 22, 28, and 29. 

The final harvest of all the plants was conducted April 27, seven and 
one-half months after starting the plants in the nutrient solutions. Size 
measurements taken on April 25 are presented in table VIII. The fresh 
weights of the tops collected April 27 and the air-dry weights of the roots 
are given in table IX. Figures 16-22 show all the plants on April 25. 

















Fic. 14. Appearance of series 4 and 5 on January 13, 1932, just before changing 
to solution 1. Thereafter these plants were called series 6 and 7 respectively. 
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POTASSIUM AND GROWTH 
OF ———— 
SUGAR CANE STEMS 





0 
Date-20 
Monrn-Oct., Nov. Dec. Jan. Feb. April 
Fic. 15. Effect of potassium upon growth of stems as indicated by the average 
height of the highest emerged ‘‘dewlap’’ (juncture of blade and sheath). 








Photographs of representative plants taken at the final harvest are shown 
in figures 23-29. The colors of the plants were practically the same as be- 
fore, except that some of the leaves of the plants of series 1 and 2 were 
burned, owing to the high temperature in the greenhouse. The plants 
showed very little Pahala blight, these symptoms being confined chiefly to 
the old leaves of the secondary shoots. Most of the plants deficient 
in potassium had red midribs. The plants of series 6 and 7 had the best 
developed individual roots, because they were not yet potbound. Some of 
the longer roots showed plainly where they had begun to increase growth 
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Figs. 16 and 17. Series 1 (above) on April 25, 1932, 73 months after starting them 
in the nutrient solutions. Series 2 (below) on April 25, 1932. 


at the time of the first addition of potassium. The plants of series 1 and 
2 had very large and interwoven masses of roots. 

Graphs of the increase in height of the highest emerged dewlap 
are given in figure 15. It will be noted that the growth of the stems is 
markedly affected by the amount of potassium supplied. After the first 
week or so the plants of series 1 maintained a steady growth, always greater 
than that of any of the others. The speedy recovery of the plants of series 
6 and 7 after the addition of potassium in January is conspicuous. The 
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increase in growth of series 3, 4, and 5 beginning in January may be due in 
part to the increased light in the spring, but is probably due also to the fact 
that manganese was added to the solutions for the first time on January 4. 


























Figs. 18-20. Series 3 (above) on April 25, 1932. Series 4 (middle) on April 25, 
1932. Series 5 (below) on April 25, 1932. 


That manganese is essential for the growth of sugar cane has been shown 
by Davis (15) and Martin (unpublished work). The development of 
Pahala blight in the absence of manganese has been studied by LEE and 
McHareve (45) and by Martin (48). 
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Figs. 21 and 22. Series 6 (above) on April 25, 1932. Until January 13, these 
plants received solution 4; after that time, solution 1. Series 7 (below) on April 25, 
1932. Until January 13, these plants received solution 5; after that time, solution 1. 


Mention has already been made of the development of red midribs on 
the leaves of plants deficient in potassium. The average numbers of red 
midribs per plant are shown in table X. These counts were discontinued 
after November 22. No red midribs developed in the plants of series 1. In 
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Figs. 25-27. Typical plant (above) of series 3 on April 27, 1932. Typical plant 
(below, left) of series 4 on April 27, 1932. Typical plant (below, right) of series 5 on 
April 27, 1932. 


general, they occurred on most of the plants of series 3, 4, and 5 up to the 
end of the experiment. It will be seen that their occurrence is correlated 
with a deficiency in potash. The question arose as to whether this discol- 
oration is a specific symptom of potash deficiency in cane or a secondary 
reaction. 
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Typical plant (right) of series 





Typical plant (left) of series 6 on April 27, 1932. 


8 and 29. 
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TABLE VIII 


AVERAGE SIZE OF PLANTS AT FINAL HARVEST, APRIL 25, 7} MONTHS AFTER STARTING IN 
THE NUTRIENT SOLUTIONS 











: - 
BREADTH OF LEAF AT 
| VLA | 

SERIES | psig sa | MIDDLE OF LONGEST 

| LEAF OF MAIN STALK 


CIRCUMFERENCE 
OF MAIN STALKS 








ee Ee ES ee anil etlaciotac eect i 

em. | cm, cm, 
Back 130.9 | 5.5 9.3 
_ pee 116.4 4.4 | 8.4 
Buccs: 57.9 3.9 | 5.5 
© cicsicl 34.3 2.6 | 5.8 
ee, 36.0 2.6 | 3.7 
nan 69.0 4.9 | 7.7 


F ncvcaahe 94.3 5.6 9.3 





Red midribs frequently occur on cane grown in the field resulting from 
infection by the red rot fungus, Colletotrichum falcatum. This fungus 
gains entrance through mechanical injuries or following leafhopper injury. 
The plants of the present investigation were examined by the pathologists 
and entomologists of this Station and no leafhopper punctures were found. 
As reported by Martin (47), samples studied histologically by WELLER of 
this Station showed no mycelium. Attempts made by MartTIN to isolate an 


TABLE IX 


AVERAGE WEIGHTS OF PLANTS COLLECTED APRIL 27, EXPRESSED IN GRAMS 























FRESH WEIGHT | AIR-DRY 

eats BLADES STEMS SHEATHS | TOTAL TOPS | —_— 
gm. gm. gm. | gm. | gm. 

DP iets 955.88 2185.10 1009.75 | 4150.73 | 108.5 
2 1035.30 1639.50 993.60 | 3668.40 106.8 
isthe 277.70 | 176.95 172.92 627.57 27.8 
' Dee 62.02 | 25.20 | 28.30 115.52 8.2 
ae | 63.70 | 28.05 | 31.87 123.62 | 11.3 
e:. 569.75 | 358.25 443.00 1371.00 | 47.6 


| | 
. | 472.50 415.25 | 337.00 1224.75 | 40.5 
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TABLE X 


AVERAGE NUMBER OF RED MIDRIBS 


























SERIES 

1 2 3 4 | 5 
October 15 ecm 0 0 1.5 -o | 
October 20 .............. 0 0 4.8 4.7 | 9.6 
November 4 cco 0 0.6 12.7 | 126 | 118 
November 22 ecco 0 6.7 17.0 | 105 | 19.7 











organism from red-midrib tissue were negative. Hypodermic injections of 
0.25 per cent. acetic acid into the midribs of other cane plants did not re- 
sult in the development of any red discoloration. It was concluded that the 
red midribs were not caused by an organism or by acidity alone. 

Microscopic studies showed that the red color of the midribs was a dis- 
coloration of the lignified cell walls. The cuticle and epidermis were not 
affected. The walls of the subepidermal plates were red, also the sheaths 
of the large vascular bundles, the xylem, and the lignified regions between 
the bundles and the lower epidermis. The color of the walls was the same 
as that which develops in the microchemical test for lignin, viz., staining 
with phloroglucin-hydrochloriec acid. The course of the discoloration 
seemed to be as follows: first the protoplasm of the parenchyma became 
slightly brown, then the parenchyma walls next to the lignin became faint 
red, finally the lignified walls reddened. Thus the disturbance seemed to 
originate in the parenchyma. 

STEUVERWALD (67) isolated saccharetin from cane fiber and stated that it 
belongs to the phlobaphenes and may be considered the aromatic compound 
in lignin. It is very soluble in alcohol. On treatment with phloroglucin- 
hydrochloric acid, saccharetin becomes intensely red. 

Because of these characteristics of saccharetin and because of the resem- 
blanee of the discolored walls to the ordinary lignin test, it was thought 
that phloroglucin might be present in the cells of the potassium-deficient 
leaves, and thus explain their discoloration. Phloroglucin occurs in some 
plants as a hydrolytic product of certain tannic acids (23). 

Evidence of the presence of phloroglucin was obtained as follows. 
Heating sections of the discolored midribs in alcohol partially removed the 
red color. When a partially decolorized section was treated with concen- 
trated hydrochloric acid, with no addition of phloroglucin, the reddish color 
deepened. Subsequently heating caused a decided reddening of the walls. 
When sections of the control leaves were heated with hydrochloric acid no 






































424 PLANT PHYSIOLOGY 


suggestion of red occurred, although decisive tests for lignin were obtained 
using phloroglucin-hydrochlorie acid. It would seem that the plants of 
series 1 contained no phloroglucin, while the potassium-deficient plants did. 

The need for an acid as well as phloroglucin for the red coloration of 
saccharetin was realized. The presence of enough hydrochloric acid within 
the plants was doubted, since the nutrient solutions contained no chlorides. 
The attempt was made to produce a similar color using tannic acid instead 
of hydrochloric, but without suecess. Sulphuric acid, however, gave a red 
eolor very similar to that formed when hydrochloric acid was used, and 
closely resembling the discolored midribs, both in shade and location. The 
first red midribs to develop were noticed on October 10, just three days 
after the first application of ferrous sulphate in the nutrient solutions. It 
would appear that this offers an explanation of the red midribs of the po- 
tassium-deficient plants. 

To sum up, it seems possible that potassium deficiency causes a decom- 
position of tannic acids, resulting in the formation of phloroglucin. This 
in the presence of an excess of sulphuric acid may cause the reddening of 
saccharetin. The development of red midribs is thus a secondary rather 
than a primary symptom of potassium deficiency, and will occur only in the 
presence of an excess of sulphates or possibly chlorides. 

Since the above was written, confirmatory evidence of the importance 
of sulphates in the development of red midribs has been supplied by W. W. 
G. Morr, of American Factors, Honolulu, who states that at Olaa Sugar 
Company red midribs developed within a month after the application of 
two tons of sulphur per acre to land deficient in potassium. The midribs 
of other plants became red after the application of copper sulphate. 

In this connection it is interesting to note that it is characteristic of 
sugar cane to become reddened when diseased or injured, whatever the 
eausal agent. Although other factors are probably involved also, the pos- 
sibility is suggested that wherever a red color develops in the cell walls, 
following disease or injury, it may be due to the action of sulphates 
or chlorides and phloroglucin upon saccharetin. Sugar cane soils are often 
high in sulphates, and it seems possible that many diseases might lead to 
the decomposition of tannic acids and thus the formation of phloroglucin. 

Van Den Honert (70) recently described symptoms of potassium de- 
ficiency obtained with variety P.O. J. 2878, which in general agree with 
those described here. The main difference between the Java results and 
ours lies in the location of the discoloration of the midribs. VAN DEN 
Honenrt gives figures of cross sections of the discolored midribs and states 
that in potassium deficiency the discoloration is confined to the upper sur- 
face; whereas all the lignified regions of the midribs of the potassium-defi- 
cient plants appeared red in places in the investigation herein reported, 
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when examined microscopically. It is interesting to note that VAN DEN 
Honert used sulphuric acid in his nutrient solutions, because of the impor- 
tance of sulphates in the production of red midribs brought out in 
this study. The gumming of the epidermal walls of the midribs considered 
a symptom of potassium starvation by VAN DEN HoNneErT was not observed 
in the present study. 

B. ABSORPTION OF POTASSIUM.—Three experiments were conducted deal- 
ing with the absorption of potassium. On October 16, composite samples 
of the drainage of the plants in series 1 to 3 were collected. Each plant 
had received 1.5 liters of solution four days previously. Analyses for 
potassium were performed by the Chemistry Department of this Station 
and the results are given in table XI. The control solution prepared that 
week contained 92 p.p.m. potassium, by analysis. Analyses of the other 
solutions were not made, the calculated parts-per-million being used to ob- 
tain the amount of potassium absorbed by the plants of series 2 and 3. It 
will be noted that the plants of series 1 and 2 absorbed potassium at the 
same rate that week. 











TABLE XI 
POTASSIUM ANALYSES OF DRAINAGE COLLECTED OcTOBER 16, 1931 
SERIES K IN DRAINAGE K ABSORBED IN 4 DAYS 
p.p.m. p-p.m. 
| SN aome sr 62.0 30.0 
Bch 9.4 30.0 
percent 2.1 1.8 











Several investigators have found evidence of a relationship between the 
absorption and utilization of potassium and light, which will be mentioned 
more completely in the discussion. To determine whether the amount of 
potassium absorbed during the day differs from that taken up by night, the 
following test was performed. On November 13 and 14, drainage samples 
were collected from the plants of series 1 and 2 at 6 a4.M.and6p.m. Fresh 
solutions were added each time. The samples were analyzed for potassium 
by the Chemistry Department of this Station. Sunrise occurred at 6:11 
and sunset at 5:20, according to the Weather Bureau. It was therefore 
possible to determine the amount of potassium absorbed during approxi- 
mately 12 hours of darkness and 12 hours of daylight. The results are re- 
ported in table XII, which shows that both sets of plants absorbed the same 
amount of potassium during the night and the day. 
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TABLE XII 


DAY AND NIGHT ABSORPTION OF POTASSIUM 























WATERED 6 P.M. CONTAINED CONTAINED | ABSORBED IN| ABSORBED IN 
SERIES FRIDAY AND 6 6 A. M. 6 P.M. 12 HOURS’ 12 HOURS’ 
A.M. SATURDAY SATURDAY SATURDAY DARKNESS DAYLIGHT 
p.p.m. p.p.m. p.p.m. p-p.m. p-p.-m. 
 ——_ 93.6 4.7 5.2 89.9 88.4 
| oar 43.1 3.0 3.5 40.1 39.6 














The object of the third experiment dealing with absorption was to deter- 
mine whether or not cane plants can absorb potassium through their leaves. 
It is well known that iron can be absorbed that way. Evidence has been 
presented by SHaw (63) showing that cane leaves may absorb large quan- 
tities of water during rains. DomontovicH and ZHELEZNOV (17) have 
shown that painting leaves with salts of potassium and magnesium leads tc 
the absorption of these elements. 

On March 18, several leaves of the plants of series 5 were washed with 
a 5 per cent. solution of potassium dihydrogen phosphate. No sign of re- 
coloration was observed. The results of this test are inconclusive, since it 
is possible that potassium might be absorbed without causing the leaves to 
become green. On the other hand, it may be that they were already beyond 
recovery. 

C. HypROGEN ION CONCENTRATION OF DRAINAGE.—Colorimetric determi- 
nations of the hydrogen ion concentration of the drainage were made at in- 
tervals. The reaction of the nutrient solutions was pH 6.4 and the object 
of these tests was to ascertain how well this reaction was maintained. The 
results are presented in table XIII. The high acidity was probably due te 


TABLE XIII 


PH OF DRAINAGE 
































COMPOSITE DRAINAGE INDIVIDUAL 
ee eo ———— Sa ee 
Oct. 23 | Oct. 26 | Oct. 30 | Nov.2 | Nov.6 Nov. 9 Nov. 11 
eee elie | ; — a 

> eee a4. | 23.) we | 3.9 44 | 65-7 5.9-7.1 

2 36 | 3.7 “a i “4 7 oo ee 6.9 
ee 3.6 4.2 43 | 41 4.7 39-61 | .. 
ens 3.7 2.8 3.7 3.9 4.3 3.5-6.1 





3.5 
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the use of ferrous sulphate as the source of iron. Because of the acidity, 
the solutions were changed more frequently. An important fact is that 
there was as much variation in reaction between the individuals of 
one series as there was between the different series, indicating that the dif- 
ferences in growth and external appearance of the plants were not caused 
by differences in the reaction of the medium. There was no correlation 
within a series between hydrogen ion concentration and general appearance, 
length of leaf, height of dewlap, number of red midribs, or amount of die- 
back. McGerorce (51) found that a hydrogen ion concentration as acid as 
pH 4.0 was without effect upon the growth of cane. An important conclu- 
sion to be drawn from these tests is that cane can grow in quartz sand cul- 
tures at a reaction varying from about pH 3.5 to 7 without any apparent 
external differences. In the field the range is probably less than that, since 
under field conditions changes in hydrogen ion concentration would cause 
more or less aluminum to go into solution, which would have a decided effect 
upon growth, as mentioned by Morr at the 52d annual meeting of the 
Hawaiian Sugar Planters’ Association, December, 1932. 

D. PAHALA BLIGHT.—The symptoms of Pahala blight which began to de- 
velop the latter part of December, 1931, were alternating stripes of green 
and white in the blades, small elongated red spots in the white stripes, longi- 
tudinal splitting of the blades, and cessation of growth of the secondary 
stems. These symptoms are the same as those described by LrEe and 
McHarave (45). They were confined to the plants of series 1 and 2. 

The addition of 0.1 p.p.m. manganese as manganous sulphate to 
the nutrient solutions, begun January 4, resulted in a diminution of the 
symptoms of the blight. The secondary shoots started growing again. 
Because of a recurrence of the symptoms, the amount of manganese in solu- 
tions 1 and 2 was doubled twice in March. 

Washing the leaves with 1 and 3 per cent. solutions of ferrous sulphate 
and manganous sulphate on March 4 and 19 resulted in no recoloration of 
the leaves. On March 21, plant 1 E was dusted with a mixture composed 
of equal quantities of manganous sulphate and sulphur. In two days this 
plant looked better. Thereafter all the plants of series 1 and 2 were dusted 
onee a week. By the time of the final harvest the symptoms of Pahala blight 
had practically disappeared. 

E. SIIcoN AND TITANIUM.—As mentioned earlier, silicon was added to 
the solutions beginning March 22, 1932. This was deemed necessary be- 
cause of the rotting of the sheaths. On March 28 it was noted that the 
sheaths, particularly those of the potassium-deficient plants, were stronger, 
stiffer, greener, and less inclined to rot. Early in April it was noted that 
none of the plants had as many dead leaves as before the use of silicon. 
Although the addition of silicon was not a controlled experiment, the evi- 
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dence presented here seems to indicate that it is essential for the best 
growth of cane. 

There was no evidence that the addition of titanium nitrate to the solu- 
tions produced any effect upon the growth or appearance of the plants. 


2. MicROCHEMICAL OBSERVATIONS 


The stems of the potassium-deficient plants were found to contain iron 
at the nodes when given the Horrer test (33), while the stems of the con- 
trols showed very little accumulation of iron. A dark discoloration of the 
bundles of the stems of the plants deficient in potassium was noted before 
staining. The sieve tubes and companion cells of some of the bundles of 
the midribs of the plants of series 5 were found to be very dark brown, 
when examined October 29, 1931. These discolorations were not found in 
the control plants. 


3. ANALYTICAL DATA 


The results of the moisture determinations are found in table XIV. In 
general, the plants supplied with potassium had a higher percentage of 
water than the potassium-deficient plants. 





























TABLE XIV 
MOISTURE PERCENTAGES IN CANE 
NOVEMBER HARVEST APRIL HARVEST 
SERIES ea a 
BLADES STEMS BLADES STEMS 
| % % % % 
1 | 74.1 + 0.071 83.4 + 0.047 79.1 + 0.333 86.35 + 0.071 
Whi scatter | 74.9 85.6 + 0.023 74.65 + 0.071 83.65 + 0.548 
"Ghee Renate | 72.1 + 0.238 81.0 + 0.381 75.3 +£1.09 79.7 + 0.095 
* ae erent ett hae 2 ite te Se 76.85 + 0.071 80.75 + 0.071 
ae Bi ee oe a ne ine 76.85 + 0.548 76.75 + 0.023 
_ ners Jyh Pa sere ae citar = 78.15 + 0.023 | 
, ee RS eer eee ee cs ; “s 77.65 + 0.071 | 














The results of the ash analyses, which were performed by the Chemistry 
Department of this Station, are given in tables XV and XVI, in which they 
are expressed on the percentage basis. The percentage of potassium within 
the plants was directly proportional to the amount supplied in the nutrient 
solution. In November the percentage of total ash was higher in the plants 
deficient in potassium than in the controls, in both blades and roots, whereas 
in April the blades of the control plants had the highest percentage of ash, 
the amount in the roots remaining (as before) greater in the potassium- 
deficient plants. In November the blades of the plants deprived of potash 
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had the highest percentages of phosphorus, calcium, and magnesium; in 
the roots, phosphorus was greater in the potassium-deficient plants, but 
calcium and magnesium did not vary greatly. Silicon varied inversely 
with the amount of potassium in the blades, while in the roots the per- 
centage of silicon varied irregularly, in the November material. While the 
high percentages of silicon in the roots in both the November and April 
material might suggest the possibility of contamination with minute par- 
ticles of quartz sand, yet every precaution was taken to prevent such con- 
tamination and the chemist stated that no grains of sand were found in 
the ash. 

In April the percentage of potassium in the blades, stems, dead leaves, 
and roots varied directly with the amount supplied. It is interesting that 


TABLE XV 
ASH ANALYSIS OF PLANTS HARVESTED NOVEMBER 20, 1931 
PERCENTAGES EXPRESSED ON MOISTURE-FREE BASIS 























SERIES AsH Sr | K P | Ca | Me 
% % | % % | %® | % 
Blades | | 
, eee 5.139 0.0659 1.78 0.359 0.279 0.170 
ae | 4,222 | 0.0617 | 0.955 | 0.396 | 0.411 0.384 
' ee 4.666 0.0892 0.540 0.668 0.502 0.540 
er 5.636 0.121 0.424 | 0.882 0.503 0.645 
| ee | 5.917 0.100 0.458 0.983 0.557 0.521 
Roots 
ee 24.96 8.008 1.78 0.598 0.532 0.308 
. eee 17.42 4.555 0.741 0.450 0.765 0.471 
Nes 28.56 9.395 0.388 0.747 0.515 0.274 
<. 31.74 11.42 0.294 0.721 0.550 0.237 
| ee: 33.82 10.99 | 0.329 0.856 0.616 0.268 




















the plants of series 7 contained a higher percentage of potassium in the 
blades, stems, and roots than the controls. The percentage of potassium 
in series 6 also surpassed that in series 1 in stems and roots. Evidently the 
plants which received the first application of potassium in January absorbed 
it at a high rate. 

In April phosphorus was again found to be higher in the potassium- 
deficient plants, in general. The percentage of silicon was inversely pro- 
portional to the potassium content in the roots, in the April material. Cal- 
cium, which was higher in the potassium-deficient plants in November, 
showed the opposite relationship in the blades in April but no striking 
differences in the other organs. Magnesium was higher in the blades and 
stems of the potassium-deficient plants than in those of the controls. 
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The plants receiving sodium contained more of that element than the 
other plants, but except in the stems the percentage of sodium in the plant 
was not proportional to the amount supplied in the nutrient solutions. In 
general the percentages of sodium decreased from the roots to the stems to 
the blades, whereas the percentages of potassium increased. All the blades 
and the stems contained higher percentages of potassium than sodium, even 
those supplied with more sodium than potassium. With the exception of 


the plants of series 3 and 5 the same condition existed in the roots. 
There were greater percentages of iron in the blades, stems, and roots 
of the plants deficient in potassium than in the controls. 


TABLE XVI 


ASH ANALYSIS OF PLANTS HARVESTED APRIL 27, 1932 
PERCENTAGES EXPRESSED ON MOISTURE-FREE BASIS 


The amount of 


























SERIES ASH SI K P | Ca | Ma Na Fr 

— = - — ——— _ » | — — ———EEEw — 
% % % % ; = | & % | % 

Blades | 
7.34 | 0.118 | 2.175 | 0.5102 | 0.544 | 0.4301 | 0.014 0.002 
7.88 | 0.094 | 1.801 | 0.5341 | 0,842 | 0.5621 | 0.037 0.017 
5.61 | 0.103 | 0.724 | 0.6529 | 0.278 | 0.5163 | 0.030 0.054 
6.46 | 0.130 | 0.355 | 0.8007 | 0.215 | 0.6379 | 0.033 0.031 
6.41 | 0.174 | 0.501 | 0.7893 | 0.241 | 0.5412 | 0.026 0.052 
6.47 | 0.151 | 1.765 | 0.5269 | 0.279 | 0.2717 | 0.025 0.031 
6.87 | 0.164 | 2.475 | 0.4964 | 0.264 | 0.2590 | 0.025 0.064 
4.53 | 0.119 | 1.504 | 0.4242 | 0.116 | 0.1828 | 0.020 0.020 
318 | 0.158 | 0.437 | 0.3593 | 0.191 | 0.2710 | 0.129 | 0.016 
2.98 | 0.102 | 0.335 | 0.4227 | 0.149 | 0.2547 | 0.143 0.063 
3.77 | 0.134 | 0.292 | 0.5262 | 0.167 | 0.2391 | 0.237 0.254 
4,22 0.153 | 0.278 0.5572 0.168 0.2941 * * 
6.21 | 0.261 1.934 | 0.5215 | 0.131 | 0.4119 | 0.015 0.025 
5.99 | 0.057 |. 2.206 | 0.5050 | 0.106 | 0.3376 | 0.019 0.019 
8.23 | 0.102 | 1.270 | 0.6335 | 0.632 | 0.6115 | 0.025 | 0.047 
8.78 | 0.111 | 0.213 | 0.7048 | 1395 | 0.4881 | 0.205 | 0.059 
7.58 | 0.123 | 0.160 | 0.9481 | 0.179 | 0.6236 | 0.041 0.031 
7.81 0.140 0.205 0.9565 0.287 | 0.7248 * | 0.041 
8.53 | 0.117 | 0.132 | 0.1429 | 0.112 | 0.5588 | 0.027 0.027 
8.54 | 0.145 | 1.262 | 0.8530 | 0.527 | 0.6050 | . * * 
8.61 | 0.175 | 1.154 | 0.8725 | 0.426 | 0.5630 | * * 

| 

12.14 | 1.904 | 0.901 | 0.7817 | 0.991 | 0.2135 | 0.082 0.233 
14.88 | 2.975 | 0.353 | 0.8123 | 1.254 | 0.2851 | 0.296 0.273 
15.90 | 3.567 | 0.183 | 0.8808 | 1.018 | 0.1595 | 0.376 0.625 
23.67 | 7.075 | 0.161 | 0.9972 | 0.911 | 0.0781 | 0.301 1.210 
21.21 | 5.854 | 0.183 | 0.9816 | 0.945 | 0.1581 | 0.017 0.686 
15.34 | 2.855 | 1.303 | 0.8881 | 0.938 | 0.4478 | 0.041 0.330 
23.51 | 6.897 | 1.454 | 0.8579 | 0.622 | 0.3002 | 0.058 0.299 




















* Omitted because of insufficient material. 
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iron in all the plants was greater in the roots than in the stems and the 
blades. The percentages of iron in the roots of series 4 and 5 were greater 
than in 6 and 7. 

The results of the ash analyses, recalculated to show the total amounts 
per plant in grams, are presented in tables XVII and XVIII. Table XVII 


TABLE XVII 


AVERAGE TOTAL AMOUNT OF ASH CONSTITUENTS IN PLANTS HARVESTED NOVEMBER 20, 
EXPRESSED IN GRAMS; RECALCULATED FROM TABLE XV 








| 
| AVERAGE TOTAL 














SERIES DRY WEIGHT ASH SI K P Ca Me 
(OVEN DRY) 

Blades gm. gm. gm. gm. gm. gm. gm. 

66.3 3.41 0.044 1.180 0.238 | 0.185 0.113 

66.6 2.81 0.041 0.636 0.264 0.274 0.256 

36.3 1.69 0.032 0.196 0.242 0.182 0.196 

23.7 5.915 1.898 0.421 0.142 0.126 0.073 

28.7 5.000 1.307 0.213 0.129 0.219 0.135 

Bie, 11.2 3.199 1.052 0.043 0.084 0.058 0.031 

ae 5.8 1.840 0.662 | 0.017 0.042 0.032 0.014 





O ateceness 6.0 2.029 0.659 | 0.020 0.051 0.037 | 0.016 














shows that the blades of series 1 and 2 were nearly the same in dry weight 
per plant; that series 1 had a higher total ash content than series 2 chiefly 
because of the higher amount of potassium in series 1 than in 2; that 
silicon was very nearly equal in the two series; and that phosphorus, 
calcium, and magnesium were all present in greater amounts in series 2 
than in series 1. Even series 3, the blades of which had half the dry weight 
of series 1, contained more phosphorus and magnesium and nearly the same 
amount of calcium as series 1. The roots of series 2 contained more calcium 
and magnesium than those of series 1, but the roots of series 3 were lower 
in all the ash constituents studied. 

Table XVIII shows that at the age of seven and one-half months the 
total amounts of ash constituents in the plants depended more upon the 
size of the plant than upon the percentage of potassium. Both the stems 
and roots of series 2 weighed less than those of series 1, but the stems of 
series 2 had more silicon, calcium, magnesium, and sodium than series 1; 
and the roots of series 2 had more ash, silicon, phosphorus, caleium, mag- 
nesium, sodium, and iron than in series 1. It was therefore by no means gen- 
eral that the plants deficient in potassium contained greater total amounts 
of ash constituents per plant than the controls, probably because the former 
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TABLE XVIII 
AVERAGE TOTAL AMOUNTS OF ASH CONSTITUENTS IN PLANTS HARVESTED APRIL 27, 
EXPRESSED IN GRAMS; RECALCULATED FROM TABLE XVI 















































AVERAGE 
SERIES TOTAL DRY ASH SI K P Ca Me ; Na Fr 
WEIGHT 
gm. gm. gm. gm. | gm. gm. gm. | gm. gm. 
| 
199.8 14.7 0.235 | 4.345 | 1.019 | 1.090 | 0.859 | 0.028 | 0.044 
263.0 20.7 0.247 | 4.737 | 1.405 | 2.214 | 1.478 | 0.097 | 0.045 
68.6 3.9 0.071 | 0.497 | 0.448 | 0.191 | 0.354 | 0.021 | 0.037 
14.4 0.9 0.019 | 0.051 | 0.115 | 0.031 | 0.092 0.005 | 0.004 
14.9 1.0 0.026 | 0.074 | 0.118 | 0.036 | 0.081 | 0.004 | 0.008 
124.8 8.1 0.188 | 2.203 | 0.658 | 0.348 | 0.339 | 0.031 | 0.039 
105.8 7.3 0.017 | 2.618 | 0.525 .279 | 0.274 | 0.026 | 0.067 
Stems | 
299.4 13.47 | 0.357 | 4.50 | 1.27 0.347 | 0.547 | 0.059 | 0.059 
268.9 8.55 | 0.425 | 1.17 | 0.97 | 0.513 | 0.729 | 0.347 | 0.043 
35.9 1.07 0.037 | 0.12 | 0.15 | 0.053 | 0.091 | 0.051 | 0.023 
4.9 | 0.18 0.006 | 0.01 | 0.03 0.008 | 0.012 | 0.012 | 0.012 
6.5 0.27 | 0.009 | 0.02 | 0.04 | 0.010 | 0.019 | ......... 
| } 
| | | | 
108.5 13.17 | 2.06 | 0.977 | 0.848 | 1.075 | 0.232 | 0.089 | 0.253 
106.8 15.89 | 3.18 0.377 | 0.867 | 1.339 | 0.304 | 0.316 | 0.291 
27.8 4.42 0.99 | 0.051 | 0.245 | 0.283 | 0.044 | 0.104 | 0.174 
8.2 1.94 | 0.58 | 0.013 0.082 | 0.075 | 0.006 | 0.025 | 0.099 
11.2 2.40 0.66 | 0.021 | 0.111 | 0.106 | 0.018 | 0.002 | 0.077 
47.6 | 7.30 | 1.36 0.620 | 0.423 | 0.446 | 0.213 0.019 | 0.157 
40.5 | 9.52 | 2.79 0.589 | 0.347 | 0.252 | 0.121 | 0.023 | 0.121 
| 





were generally smaller. However, the fact that they did contain more in 
the places just mentioned increases the importance of the differences in 
percentage and leads to the conclusion that the absorption of potassium 
tends to decrease the absorption of such elements as phosphorus, ealeium, 
magnesium, and iron. 


Discussion 


The economic importance of physiological studies of potassium defi- 
ciency in sugar cane lies in the effects upon the growth, resistance to dis- 
eases, and quality of the juices exerted by potassium. A survey of the 
literature dealing with sugar cane shows that there is no real agreement 
regarding the value of potash fertilization, inasmuch as the results of some 
experiments indicate a response while others do not. No attempt will be 
made to cite all the pertinent references, but a few representative ones will 
be mentioned as illustrations. The importance of potassium in increasing 
growth and yield of cane has been discussed by STEwart and VERRET (68) 
and by Morr (53), who stress its necessity in the early growth of cane. 
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NaquIn (54) has found that there is a greater response to potash fertiliza- 
tion in hollows than on knolls or in thin soil. Ayres (8) found that cane 
in some crops used well over 800 lb. K.O per acre, illustrating the tremen- 
dous demand made by eane for potash. McGrorce (50), on the other hand, 
states that the majority of Hawaiian soils do not respond to potash fer- 
tilization. 

Among those reporting gains in juice quality resulting from the appli- 
eation of potassium, the following may be mentioned: AcEE (1), ALEX- 
ANDER (8, 4), Harrison (27), and Pratr (61). Ferris (19) found no in- 
erease in yield due to the addition of potassium. Verret (71) reported 
that there was no effect whatever on the quality ratio from the use or omis- 
sion of phosphoric acid or potash or both. According to GrERLIiGs (21, 22), 
generally a juice of low purity is highest in potassium, while juices rich in 
sucrose contain less potassium, and those varieties which make the most 
sugar generally have the least potassium. GEERLIGS concluded that many 
other factors have a greater effect upon quality than potash. That this 
condition of non-conformity of results of potash studies still exists is shown 
by a recent report by AGEE (2), in which the results of several experiments 
are summarized. When one considers the sources of error in field experi- 
ments as at present conducted, there is no wonder that the results are not 
always in agreement. Of course the response from applications of potash 
depends upon the amount of potassium already in the soil and many other 
factors. Morr (53) stresses the balance as important, stating that the 
application of plant foods aids crop quality when the element lacking is 
supplied, and continues to do so until some other element becomes limiting 
or until one is added in too large amount. 

The importance of potassium in increasing resistance to disease in 
plants is well known. Sugar cane is no exception. Lee (43) and Lee and 
Martin (44) report that potassium aids in increasing resistance toward 
eye spot. Morr (58) suggests that the increase in cutin due to potassium 
found by Hartt (28) points to the effect of potassium in lessening damage 
due to cane diseases such as eye spot and brown stripe. He also states that 
the large cavities in the cortex of the roots and the poor root hairs in the 
potassium-deficient plants reported by Harrr may suggest one possible 
cause of the root failure complex or Lahaina disease. The evidence is 
ineconelusive regarding a relationship between a lack of potassium and 
brown stripe disease. Hance (26) by spectroscopic analysis found that 
cane plants susceptible to brown stripe were deficient in barium, potassium, 
magnesium (or copper), and cadmium (or zinc). SHEPARDSON (64), how- 
ever, found no apparent correlation between brown stripe and potassium, 


but suggested further studies concerning silicon and that disease. In gen- 
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eral there is need for more investigation of the relation between potassium 
and disease resistance in sugar cane. 

The preceding brief review illustrates the need for more fundamental 
physiological studies of potassium in sugar cane. 

Although similar in plan and purpose, the present studies are not abso- 
lutely comparable with those carried on in Chicago (28), for several rea- 
sons. In the Chicago experiment the variety used was Louisiana Purple 
(Cheribon), while H 109 was used in the Honolulu studies. The growing 
conditions also differed considerably. In the former investigation the 
plants were grown during the winter and spring in Chicago and during 
much of the time the light conditions were poor, although supplemented by 
electricity. In Honolulu the length of day and amount of light were more 
nearly uniform and better adapted for the growth of cane. The tempera- 
ture also differed, the Chicago greenhouse being kept around 90° F., 
whereas in Honolulu the temperature at times reached 110° F. Because 
of the differences in light and temperature, the growth rate of the plants 
in the present investigation was considerably greater than that of the first 
study. The nutrient solutions used in Honolulu were less concentrated 
than those used in Chicago but were renewed more frequently. Also sili- 
con, manganese, and titanium were used in these studies and not in the 
former. Iron was added as ferric phosphate in the former, whereas ferrous 
sulphate was used in the latter investigation. Undoubtedly there were 
other differences in the growing conditions of the two experiments. Sec- 
ondary growth was purposely discouraged in the Chicago experiment, 
whereas in Honolulu the secondary shoots were allowed to develop. The 
writer thus agrees with the criticism of VAN Den Honert (70) that the 
plants in Chicago were grown under unfavorable light conditions. Not- 
withstanding these differences in variety, light, temperature, growth rate, 
and nutrient solutions, similar symptoms of potassium deficiency occurred in 
both and it is felt that broad comparisons are justified between the two in- 
vestigations. 

Evidence of the difference in the growth rates of the plants grown in 
Chicago and Honolulu is given in table XIX. This shows that in one month 
the main stalks of the plants grown in Honolulu were nearly as tall as those 
in Chicago in about five months, when the lengths of the longest leaves are 
compared. The first symptoms of potassium starvation developed in Hono- 
lulu within one month after watering with the nutrient solutions was be- 
gun, while four months elapsed in Chicago before deficiency symptoms 
appeared. While other factors no doubt contributed to these differences 
in growth and development of symptoms, yet it is felt that one of the most 
important causes was the amount of light. In this connection mention 
should be made of an unpublished study conducted by Miss MarJorie 
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BopWELL in 1931, at that time a student with the writer at Connecticut Col- 
lege. Miss BopweELu grew buckwheat and soy bean plants with and with- 
out potassium under several intensities of light. The plants in the most 
intense light were the first to exhibit symptoms of potassium starvation, 
the others following in the order of decreasing intensities of light. 


TABLE XIX 


COMPARISON OF GROWTH: CHICAGO AND HONOLULU 


























SoLv- | CHICAGO STUDIES | HONOLULU STUDIES 
TION LENGTH OF LONGEST LEAF | Souv- 
NO. K K TION 
1Mmo.15pays | 5$mo.| 1mo.5pays | 34 Mo. | NO. 
p-p.m. cm. cm. | cm. | em. p.p.m. | 
| | | | 
1 | 703.8 88.9 170.2 | 140.7 | 198.6 87.9 1 
| | 
4 | 39.0 67.3 143.5 | 147.1 | 198.2 | 39.0 2 
3 3.9 68.9 151.1 133.7 | 160.5 3.9 | 3 
2 0.0 71.7 139.7 | 125.8 135.9 0.0 4 
| (+Na) | 
| | 120.3 | 136.9 0.0 | 5 
| | | | 78) | 











The effect of light upon the absorption and utilization of potassium by 
plants has been studied by several workers. JOHNSTON and Hoacuanp (39) 
have given evidence that plants absorb more potassium during the day than 
at night and suggested that the energy of light may be an important factor 
governing the absorption of nutrient ions by plants. Nemec (56) grew rye 
under colored glass bell jars and found that plants under green jars ab- 
sorbed less potassium than those in full sunlight, while those under violet 
and red jars contained more potassium than those in sunlight. NigHTiIN- 
GALE (57) refers to Srokuasa who found that sugar beet seedlings in dark- 
ness when supplied with potassium and sugar accumulated much more dry 
matter than plants in the dark lacking potassium but supplied with sugar; 
while in the light, the amount of sugar absorption was only a little higher 
in the plants supplied with potassium than in those lacking it. It was 
therefore suggested that potassium to some extent assumes the role of light. 
A connection between light and potassium seems substantiated. Since in 
the present studies equal amounts of potassium were absorbed by sugar 
eane plants during twelve hours of darkness and twelve hours of daylight 
(table XII), it would seem that light must affect the utilization of potassium 
by sugar cane rather than its absorption. Whether. this may be due to the 
photoelectric properties of potassium or is merely a matter of limiting 
factors will be discussed in the second paper of this series. 
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ABSORPTION OF POTASSIUM 


The amount of potassium absorbed probably depends more upon its 
amount and availability in the soil than upon the rate of its utilization 
within the plant, since considerable evidence has been given by BARTHOLO- 
MEW and JANSSEN (9) indicating that plants may indulge in a luxury con- 
sumption of potash. Undoubtedly the age of the plant is also an impor- 
tant factor influencing the absorption of potassium, particularly when 
young. Evidence of this is given in table XI, showing that one month 
after watering with the nutrient solutions was begun, the plants of series 
1 and 2 were absorbing potassium at the same rate. The plants were about 
the same size at that time, no symptoms of potassium deficiency having yet 
appeared in series 2. As is shown in figure 15, early in November, the 
plants of series 1 definitely surpassed those of series 2 in growth. It is inter- 
esting that on November 13 and 14, series 1 showed the ability of absorbing 
double the amount of potassium absorbed by series 2, according to table XII. 
It would seem that when supplied with 39-88 p.p.m. potassium, the amount 
absorbed during the first month is limited by the size of the plant, probably 
in particular by the size of the root system; but when there is 3.9 p.p.m. 
potassium or less, the amount of potassium is the limiting factor, and potash 
starvation symptoms develop earlier. Inasmuch as the absorption of potas- 
sium seems to be limited by the size of the young plant, it is apparent that 
large applications of potash in the field during the first month may not be 
economical. 

Anpré and Demoussy (6, 7) have stressed the importance of the mo- 
bility of potassium. The absorption of considerable amounts of potassium 
may decrease the amounts of certain other elements absorbed, which may 
offer a partial explanation for the depressing effect of potassium upon the 
growth and juice quality of cane which has been mentioned by AGEE (2). 
In the present study, little evidence of a depressing effect upon growth was 
obtained. Three weeks after starting the plants in the nutrient solutions, 
the plants of series 2 slightly surpassed those of series 1 in growth, as shown 
in table II. This difference held also in nine weeks for certain measure- 
ments (tables III-V), but at that time the average height of the highest 
dewlap of the plants of series 1 was higher than that of series 2; and from 
then to the end of the experiment the growth of the plants of series 1 
steadily surpassed that of series 2, as shown in figure 15. 

Sugar cane plants deficient in potassium were found to absorb more of 
certain other elements on the percentage basis than did the controls, a con- 
dition similar to that studied in other plants by various investigators: 
ANDERSON et al. (5), Davis (16), Fonper (20), Grnspure (24), Hoaguanp 
(32), OwEN (59), and others. Two months after starting the plants in the 
nutrient solutions, the potassium-deficient plants were absorbing more 
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silicon, phosphorus, calcium, and magnesium than the controls, as shown 
by table XV. That this was a real difference in amount is shown by the 
fact that the plants of series 4 and 5 had the largest percentage of total ash, 
particularly in the roots, and is also shown by the greater total amounts of 
ash constituents in the plants deficient in potassium than in the controls, 
found in some of the series, as shown in tables XVII and XVIII. This 
difference in absorption did not continue to the end of the experiment, as 
at the time of final harvest the potassium-deficient plants had the lowest 
percentage of total ash in the tops, although they still had the highest per- 
centage in the roots. The absorption of phosphorus continued to be greater 
in the plants starved for potassium to the end of the experiment, which may 
have an important bearing upon the activity of amylase, as will be men- 
tioned in the second paper in this series. The final percentages of calcium 
and magnesium varied irregularly in the different parts of the plants, ex- 
cept that calcium was highest in the blades of the plants of series 1 and 2. 

Determinations were also made of the amounts of iron and sodium in the 
plants harvested in April. The percentages of iron in the blades, stems, 
and roots of the plants deficient in potash were found to be higher than in 
the controls, showing that a deficiency in potassium leads to the absorption 
of a greater amount of iron. Sodium was lower in amount than potassium 
in the blades and the stems of all the plants, even those supplied with more 
sodium than potassium. These comparisons are taken from table XVI. 

The addition of potassium to the potassium-deficient plants resulted in 
a rapid absorption of that element and a considerable increase in growth. 
The steps in recovery outlined in the results were similar to those obtained 
in the field, according to Mom (personal communication). Table XVI 
shows that in some instances the plants of series 6 and 7 contained higher 
percentages of potassium than did the controls. To a certain extent this 
may be due to the fact that the absorption of potassium was more rapid 
than the resulting growth. The plants of series 7 contained more potas- 
sium than did those of series 6 in all organs except the dead leaves. This 
higher percentage in series 7 led to a considerably greater growth, series 7 
surpassing series 6 to a marked degree during the latter part of the experi- 
ment. The addition of potassium to the plants of series 6 and 7 also de- 
creased the percentages of phosphorus and magnesium in those plants. 

The effect of the addition of potassium upon the distribution of iron 
within the plant is important. Table XVI shows that the plants of series 
6 and 7 had considerably lower percentages of iron in the roots than those 
of series 4 and 5, indicating that the addition of potassium to the former 
beginning in January had the important effect of decreasing the percentage 
of iron in the roots as a part of their recovery from potassium deficiency. 
Table XVI also shows that the stems of the plants deficient in potassium 
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contained larger percentages of iron than the controls, whereas the plants 
of series 6 and 7 contained nearly the same amount in the stems as the con- 
trols. It is evident that the addition of potassium to the potassium-deficient 
plants resulted in a decrease in the percentage of iron within the roots and 
stems. That this was not entirely the effect of a greater distribution of 
the iron within the larger stems is shown by the relative amounts of iron 
in the blades and stems of the plants of series 6 and 7. Table XVI shows 
that the percentages of iron in the blades of series 6 and 7 were nearly dou- 
ble or treble the percentages in the stems of those plants, whereas in series 
1-4 the percentages of iron in the blades were equal to or less than the per- 
centages in the stems. It seems that the addition of potassium to the plants 
starved for that element caused some of the iron which had accumulated in 
the stems to pass up into the blades. This may be explained by assuming 
that the addition of potassium increased the turgidity of the leaves and thus 
increased the speed of the upward movement of the transpiration stream 
and the mass movement of the iron. That potassium affects turgidity is 
well known, having been established by CopeLAnp (13) as early as 1897. 
Evidence that the rate of transpiration is affected by the supply of potas- 
sium was obtained in a test using the cobalt chloride paper method, in which 
equal shades of pink were developed in 55 seconds on a blade of one of the 
plants of series 1, and in four minutes on a blade of one of the plants of 
series 3, these blades having similar exposures. 

To summarize, several generalizations may be offered regarding the ab- 
sorption of potassium by the sugar cane plant, from the studies reported 
in this paper: 

1. Since equal amounts of potassium were absorbed by day and by night, 
the absorption of potassium does not seem to be affected by light. 

2. With the exception of the first three or four weeks, the amount of 
potassium absorbed is directly proportional to the amount supplied, within 
the limits of this experiment. 

3. During the first month the absorption of potassium is limited by the 
size of the plant. 

4. Cane plants deficient in potassium absorb more phosphorus and iron, 
at least during the first seven months of their growth. They also absorb 
more calcium, magnesium, and silicon during the first two or three months. 

5. The addition of potassium to plants deficient in that element results 
in a rapid absorption of potassium, a decrease in the intake of phosphorus 
and magnesium, and causes some of the iron which had accumulated in the 
stems to pass up into the blades. 


MIGRATION OF POTASSIUM 


There was a greater percentage of potassium in the blades than in the 
stems, and the stems in turn were higher in potassium than were the dead 
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leaves (table XVI). Im every series the percentage of potassium in the 
dead leaves collected in April was not only lower than in the blades har- 
vested at the same time but also lower than in the blades of the November 
material. Therefore the potassium migrated from the dying leaves to the 
living top of the sugar cane in this experiment, as has also been shown by 
BonaME (10). BarTHOLOMEW and JANSSEN (9), JAMES (36), JANSSEN and 
BARTHOLOMEW (37), NIGHTINGALE and coworkers (57), and others have 
mentioned this in connection with other plants. This migration is against 
the diffusion gradient. 

If the percentage of potassium in the dead leaves is subtracted 
from the percentage in the blades (table XVI), a rough estimate of 
the amount of migrated potassium is obtained. Then if the ratio is 
taken of the percentage of migrated potassium to the percentage of 
potassium left in the dead leaves, the results in table XX are ob- 
tained. This shows that the relative amounts of migration are in this 
order: 2>3>5>7>4>1>6. If this is compared in a similar 
manner with the percentages of the following in blades: total ash, K, Si, 
P, Ca, Mg, Fe, Na, and H,O, it is found that there is no relation between 
any of the ash constituents studied and the migration of potassium. The 
moisture content decreased in this order: 1 >6>7>4 and 5>3>2. 
Omitting the plants of series 6 and 7, it is found that the migration of 
potassium occurred in this order: 2 >3 >5>4>1. The water content 
decreased in the order: 1 >4and5>3> 2. Possibly the plants of series 
6 and 7 should be considered separately inasmuch as their treatment was 
changed during the course of the experiment. Of the two, series 6 had the 
greater moisture content and the lower migration of potassium while series 
7 had the greater migration of potassium and the lower percentage of water. 
The conclusion seems inevitable that the greatest migration of potassium 
occurred in the blades having the lowest water percentage, and that there 
was no relationship between the amount of migration and the percentage 


TABLE XX 


RELATIVE AMOUNTS OF MIGRATION OF POTASSIUM 
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of potassium in the plant. In other words, migration did not occur most 
readily in those plants which needed it most; therefore the translocation 
of potassium is not an adaptation in potassium-deficient plants, but occurs 
there more than elsewhere only when those plants at the same time have the 
lowest moisture content. The suggestion made by PENsToN (60) is pertinent, 
that migration is possibly related to age rather than to a deficiency in potas- 
sium. It is probably an exception in the present study that the plants of series 
2 contained less water than those of series 3, 4, or 5, possibly explained by 
their greater size and the fact that for some undetermined reason it was 
practically impossible to keep the plants of series 2 adequately supplied 
with water, as they required even more than series 1. It is probably more 
generally true that the moisture percentage is directly proportional to the 
amount of potassium supplied, since several investigators (11, 28, 35, 38, 72) 
have reported lower moisture contents or higher percentages of dry matter 
in potassium-deficient plants ; hence the migration of potassium may in gen- 
eral occur most in the plants which benefit most by that condition. It is 
felt that statements in the literature regarding such translocations often 
verge on the teleological, when it is implied or stated that plants deficient 
in potassium can transfer the little potassium they contain from a place 
where it is no longer in use to where it is needed. The results herein re- 
ported show that this is not an adaptation in potassium-deficient plants, 
since it occurred most readily in the plants of series 2, which contained 
considerably more potassium than the plants of series 3, 4, or 5, and oce- 
eurred equally well for series 1 and 4. Dowprne (18) also found that a 
translocation of potassium occurs within the embryonic cone during bud 
elongation in the spruce, and those plants were not deficient in potash. 
Probably several factors are involved in the migration of potassium. In 
leaves it may simply be a balance of forces between the transpiration of 
the plant as a whole and that of the lower leaf. When the lower leaf con- 
tains very little water the pull of transpiration from above readily over- 
comes the pull of the individual dying leaf, but when the lower leaf con- 
tains a considerable amount of water, such is not the case. The failure of 
the development of the abscission layer in plants in extreme potassium 
deficiency, found in cane by Nagqutn (55), who stated that in potassium 
deficiency the dead leaves adhere to the stalk, and reported in the tomato 
by Lipman (46), is another important factor. Without the usual abscission 
layer the leaf would tend to remain longer on the plant, thus allowing mi- 
gration. KostytTscHEW and EviAsperG (42) were among the first to find that 
potassium can be extracted from plant tissues in toto by water. Since 
JANSSEN and BAaRTHOLOMEW (37) and others have also found that most 
of the potassium in plants is soluble in water, it seems that potassium is 
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present in a readily movable form. Undoubtedly other factors are in- 
volved, because the situation is not always so simple. Potassium not only 
migrates into the upper leaves, but also into fruits and to the meristematic 
tips of roots as reported by Lipman (46). If electric currents of mitotic 
origin similar to those found in wheat plants by Cotua (12) are of general 
occurrence, possibly these might aid in explaining the migrations of potas- 
sium to meristematic regions. The suggestion proposed by McGrorce (52) 
that bases may be absorbed by lignin and displaced by other bases or by 
hydrogen, and that this interchange may play a part in ionic movement 
through plant tissue, may contribute to the explanation of the mechanism 
of the translocation of potassium. In short, the forces involved in the mi- 
gration of potassium from the older regions of plants to young develop- 
ing portions possibly include transpiration, base exchange, and electro- 
kinetic phenomena. 

Of the ash constituents studied, potassium was the only one which 
exhibited the ability to migrate. Table XVI shows that the dead leaves 
of all the plants had a higher percentage of total ash than had the green 
blades. The silicon, phosphorus, calcium, magnesium, iron, and sodium 
varied irregularly in most of the groups, being greater in amount in the 
dead leaves than in the blades, with occasional exceptions. This is to be 
expected, since with the exception of sodium the elements mentioned are 
known to enter into organic compounds, either in wall material or proto- 
plasm; potassium exists for the most part in simple form. Another factor 
involved is the greater mobility of potassium as compared with the other 
elements, which has been stressed by ANDRE and DEMoussY. 


IRON TOXICITY 

An interesting controversy has occurred in Java as to whether certain 
symptoms in sugar cane may be attributed to potassium deficiency or to 
iron toxicity. In the condition known as Kalimati disease (so called from 
the name of the principal plantation where it occurs), the symptoms are 
very similar to those of potassium deficiency and the addition of potassium 
has been found to overcome the trouble. Witerink (73) thinks that 
Kalimati disease is caused by potassium deficiency. KontnesBercer (40, 
41), however, is of the opinion that the disease is due to iron toxicity, which 
occurs particularly with ferrous iron when ammonium nitrogen is used 
instead of nitrate nitrogen. He thinks that the disease is overcome by 
the addition of potassium either because potassium counteracts the in- 
jurious action of iron or because it may stimulate nitrification. That the 
Kalimati disease is overcome by the addition of potassium is insufficient 
ground for calling the disease potassium deficiency, according to KoNINGs- 
BERGER, who feels that that is no better than to speak of ‘‘quinine defi- 
ciency’’ in the case of malaria. 
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Whether one agrees with WILBRINK or with KoNINGSBERGER, it is inter- 
esting that a toxie effect of iron, which can be overcome by the addition 
of potassium, occurs in both Kalimati disease and potassium deficiency. 
Horrer (34) reported that the addition of potassium to corn plants having 
accumulations of iron at the nodes cleared up that condition but the ac- 
cumulation of aluminum was not affected. Horrer found the vessels of 
plants deficient in potassium clogged with iron, and these vessels became 
clear upon the addition of potassium. He pointed out that this accumu- 
lation causes the breakdown, either by precipitation or by coagulation, of 
the cell contents of certain joint tissues, interfering with translocation. 
Furthermore, Harvey (30) stated that in maize grown in acid soil there 
may be a deposit of Fe.O, in the vascular tract sufficient to interfere with 
translocation, and that firing of the leaves may be observed under such 
conditions. McGrorce (51) found that both potassium and phosphorus 
aid in the distribution of iron and that any growth-retarding factor may 
induce accumulations of iron and aluminum in the nodes of cane. In the 
present study iron was found to be higher in the potassium-deficient plants 
than in the controls, particularly in the roots and stems. Iron occurred 
especially at the nodes of the plants deficient in potassium but not of the 
controls. 

Either because of this nodal accumulation of iron or on account of an 
upset in the synthesis of proteins resulting in abnormal protoplasm in the 
sieve tubes and companion cells, or for both reasons, a necrosis of the 
phloem occurred in the plants deficient in potassium. The derangement 
in the formation of proteins will be discussed fully in the second paper 
of this series. In the previous study (28) a little evidence was obtained 
of derangements of the phloem in the plants deficient in potassium. Refer- 
ence to the section dealing with microchemical results will show that further 
evidence of phloem necrosis in the plants deprived of potash has been 
offered in the present study. The evidence consisted of a dark discoloration 
of the bundles of the stems and of both sieve tubes and companion cells of 
the bundles of the midribs. These discolorations were noted as early as the 
latter part of October. Furthermore, it has recently been found by Martin 
(49) that similar discolorations of the bundles in cane stems occur through- 
out the Hawaiian Islands, and there is some evidence that they are related 
to potash deficiency. This condition has been termed ‘‘internal stalk 
necrosis.’ 

These accumulations occur more at the nodes than at the internodes, 
possibly because of the anastomosis of the bundles in the former location. 
Perhaps another factor involved in the nodal accumulations of iron is the 
tannin content which, according to HaupEN (25), is particularly large in 
the nodes. It would seem that the insolubility of iron tannate must play a 
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part in the deposition of iron at the nodes, although how the addition of 
potassium could clear up the iron tannate is difficult to explain. X-ray 
photographs of nodal accumulations in sugar cane have been published by 
CRUTCHFIELD (14). 

Evidence is presented in table XVI showing that the addition of potas- 
sium to plants deficient in that element resulted in a considerable decrease 
in the percentage of iron in the roots and stems and a slight increase in 
the blades, leading to the conclusion that potassium caused some of the iron 
to pass up from the stems to the blades. As mentioned before, this was 
possibly due to an increase in the transpiration rate; hence the upward 
movement of the transpiration stream following the addition of potassium. 
The fact that the transpiration stream of potassium-deficient plants is so 
sluggish as to permit the lodging of sufficient iron and aluminum to clog 
the vessels and yet strong enough to pull out the remaining potassium in 
the lower leaves is possibly explained by the differences in the mobilities 
of these elements. Because of the tendency to use these nodal accumula- 
tions of iron as a symptom of potassium deficiency, although they have 
been found to occur in both calcium and phosphorus deficiency (52) as 
well as increased soil acidity (30), the need is felt for further study of 
this question. Because the plants which contained the largest percentages 
of iron did not have as much as some of McGrorar’s (51) plants which gave 
good growth (5.1 per cent. iron in the roots of plants 4 compared with 
21.8 per cent. iron in one of McGrorce’s plants, both on the ash basis), the 
results of the present study support the view advanced by McGrorce that 
the toxicity of iron in sugar cane is due to its unequal distribution rather 
than to its total concentration. 

One of the conditions which must be taken into account in a considera- 
tion of potash starvation therefore is iron toxicity. One of the most im- 
portant derangements in potassium deficiency to which iron toxicity con- 
tributes is the disturbance in the translocation of the sugars and nitroge- 
nous compounds, which will be discussed in the second paper of this series. 


CAN SODIUM REPLACE POTASSIUM ? 

The question of the possibility of the substitution of sodium for potas- 
sium in the nutrition of plants, which was settled temporarily by Nospe, 
ScHROEDER, and ErpMAN (58) in 1871, has been reopened in recent years. 
Several investigators (29, 31, 66) report at least the partial substitution of 
sodium, whereas others, for example Reep and Haas (62), conclude that 
there is no evidence that sodium can replace potassium. 

To study this question with cane, the plants of series 5 were supplied 
with a nutrient solution lacking both sodium and potassium. Very little 
difference was found between the plants of series 4 (supplied with sodium) 
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and those of series 5 (deprived of sodium) in either growth or external 
appearance. Their similarity in appearance is shown in figures 10 and 
11, 19 and 20, 26 and 27. Tables II-VI, VIII, and IX show that where 
there was a difference in size between series 4 and 5, the plants of series 5 
were generally the larger, indicating that the sodium may have exerted 
a somewhat depressing effect. Figure 15 shows that the stems of these 
plants grew at about the same rate, their curves crossing at several points. 
The plants of series 5 showed a better ability to recover upon the addition 
of potassium than series 4, which perhaps was due to the greater supply of 
calcium in solution 5, possibly leading to a better absorbing system. 

The percentages of sodium in the ash of all the plants are given in 
table XVI, from which it will be seen that the plants receiving sodium in 
the nutrient solutions contained more than the others; but except in the 
stems, the percentage of sodium in the plant was not proportional to the 
amount supplied. 

All the blades contained higher percentages of potassium than of sodium, 
even those supplied with more sodium than potassium. This was true also 
for the stems and for the roots, except in series 3 and 4. The smaller 
amounts of potassium in the solutions were evidently absorbed more readily 
than the larger amounts of sodium. Similar results were reported by 
Anprf and Demoussy (6, 7), who found that plants supplied with more 
sodium than potassium absorbed more potassium than sodium, which they 
explained by the greater mobility of the element potassium. 

The results of the present study, therefore, lead to the conclusion that 
sodium does not even partially replace potassium in the nutrition of sugar 
cane, but may possibly exert a slightly depressing effect upon growth. 


Summary 


1. Sugar cane plants, variety H 109, grown in quartz sand cultures, 
were supplied with varying amounts of potassium as follows: 87.9 p.p.m. K, 
39 p.p.m. K, 3.9 p.p.m. K, no K + Na, no K, no Na. 

2. This paper deals with the effects of varying amounts of potassium 
upon the growth of sugar cane and upon the absorption and migration of 
the constituents of the ash. The following paper reports the results of 
determinations of the activity of the enzymes invertase, amylase, and 
ereptase; also analyses of total and amino nitrogen, reducing sugars, and 
sucrose; and the hydrogen ion concentration, titratable acidity, and titra- 
tion curves of the juices expressed from the leaves, stems, and roots. 

3. Symptoms of potassium starvation began to appear three weeks after 
watering with the nutrient solutions was begun. 

4. The symptoms of potassium deficiency which developed were similar 
to those which occurred in the previous study (28): depressed growth of 
the plant as a whole, discoloration of the leaves, and dieback of the leaf tips. 
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5. The development of red midribs, which occurred on the plants de- 
ficient in potassium, is shown to be a secondary rather than a primary 
symptom of potash deficiency, developing when phloroglucin and sufficient 
sulphate occur simultaneously within the plant. The source of phloro- 
glucin suggested is the decomposition of tannic acids, a possible result of 
potassium deficiency. The sulphate came from an excess of ferrous sul- 
phate which was used as the source of iron. 

6. The growth of the plants was proportional to the amount of potas- 
sium supplied. 

7. Beeause the plants totally deprived of both sodium and potassium 
equaled or surpassed those supplied with sodium but no potassium, the 
conclusion is drawn that sodium does not even partially replace potassium 
in the nutrition of sugar cane. 

8. The addition of potassium to plants deficient in that element resulted 
in a rapid absorption of potassium and a considerable increase in growth. 
The absorption of phosphorus and magnesium was decreased in these 
plants. 

9. Plants previously deprived of both sodium and potassium recovered 
upon the addition of potassium more rapidly than did those previously de- 
prived of only potassium. 

10. During the first month the absorption of potassium was limited by 
the size of the plant, whereas after the first month the amount of potassium 
absorbed was directly proportional to the amount supplied. 

11. Since equal amounts of potassium were absorbed by day and by 
night, the absorption of potassium was found not to be affected by light. 

12. No evidence was obtained showing that sugar cane can absorb 
potassium through the leaves. 

13. The sugar cane plants deficient in potassium absorbed more phos- 
phorus and iron than the controls, at least during the first seven months of 
their growth. They also absorbed more calcium, magnesium, and silicon 
during the first two or three months. 

14. The toxicity of iron in sugar cane is due to its unequal distribution 
rather than to its total concentration, a conclusion agreeing with that 
reached by McGrorce. 

15. Nodal accumulations of iron were found in the plants starved for 
potassium. 

16. The addition of potassium to plants deprived of that element caused 
some of the iron which had accumulated in the roots and stems to pass up 
into the blades, possibly due to an increase in turgidity of the leaves and in 
the upward movement of the transpiration stream. 

17. Brown discolorations of the sieve tubes and companion eells in the 
midribs of the plants deficient in potassium indicated a necrosis of 
the phloem. 
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18. The control plants had a higher moisture content in both stems and 
blades than had the plants deprived of potash. 

19. The percentage of potassium within the plants was directly propor- 
tional to the amount supplied in the nutrient solutions. A similar rela- 
tionship held for sodium only in the stems. 

20. With the exception of the roots of the plants of series 3 and 4, all 
the plants contained higher percentages of potassium than sodium in all 
organs, even those plants supplied with more sodium than potassium. 

21. The ash analyses showed that potassium migrated from the dying 
leaves to the living top of sugar cane, and that no other elements studied 
did so. 

22. The greatest migration of potassium occurred in the blades having 
the lowest moisture percentage. There was no relationship between the 
amount of migration and the percentage of potassium. Therefore the 
translocation of potassium is not an adaptation in potassium-deficient 
plants but occurs there more than elsewhere only when those plants at the 
same time have the lowest moisture content. 

23. Some evidence is presented indicating that the transpiration of the 
plants deficient in potassium was less than that of the controls. 


EXPERIMENT STaTION, H.S. P. A. 
HONOLULU, T. H. 


LITERATURE CITED 

1. Acree, H. P. Director’s Monthly Rpt., Exp. Sta, H. S. P. A. July, 
1919. 

2. ——_—_————. Director’s Monthly Rpt., Exp. Sta., H. 8. P. A. April, 
1932. 

3. ALEXANDER, W. P. Influence of potash fertilization on the sucrose 
content of sugar cane. Proc. Hawaiian Acad. Sci. 1926. Bernice 
P. Bishop Mus. Special Publ. 11: 32. 1926. 

4, ———_—_—_——_. Potash fertilization on Ewa plantation. Hawaiian 
Pl. Record 30: 438-453. 1926. 

5. ANDERSON, P. J., SwanBack, T. R., STREET, O. E., et al. Tobacco Sub- 
station at Windsor, Report for 1929. Connecticut Agr. Exp. Sta. 
Bull. 311. 197-273. 1930. 

6. Anpré, G., and Demoussy, E. La répartition du potassium et du 
sodium dans les végétaux terrestres. Bull. Soe. Chim. Biol. 9: 
861-866. 1927. 

7. ——————__, and —-—————_. Sur la répartition du potassium et 
du sodium chez les végétaux. Compt. Rend. Acad. Sci. (Paris) 
184: 1501-1503. 1927. 

8. Ayres, A. Cane growth studies at Waipio Substation. Hawaiian Pl. 
Record 34: 445-460. 1930. 











10. 


11. 


23. 


24. 








HARTT: POTASSIUM AND SUGAR CANE 447 


BarTHOLOMEW, R. P., and JANssEN, G. The rate of absorption of 
potassium by plants and its possible effect upon the amount of 
potassium remaining in soils from applications of potassium fer- 
tilizers. Arkansas Sta. Bull. 265. 1931. 

BonaME, PH. Culture de la canne a sucre 4 la Guadeloupe. Paris. 
1888. 

Burre.u, R. C. Effect of certain deficiencies on nitrogen metabolism 
of plants. Bot. Gaz. 82: 320-328. 1926. 

Cotua, S. Sui fenomeni bioelettrici in rapporto con 1’accrescimento 
della piante. Nuov. Gior. Bot. Ital. 34: 1281-1295. 1928. 

CopELAND, E. B. The relation of nutrient salts to turgor. Bot. Gaz. 
24: 399-416. 1897. 

CRUTCHFIELD, C. L. X-ray photography of mineral accumulations in 
plants. Plant Physiol. 4: 145-154. 1929. 

Davis, L. E. Manganese as an essential element in the growth of sugar 
eane. Hawaiian Pl. Record 35: 393-400. 1931. 

Davis, M. B. Investigations on the nutrition of fruit trees: Some 
effects of deficiencies of nitrogen, potassium, calcium, and mag- 
nesium, with special reference to the behaviour of certain varieties 
of apple trees. Jour. Pomol. & Hort. Sei. 8: 316-344. 1930. 

DomonrTovicH, M. K., and ZHeueznNov, P. A. Feeding of plants via 
the leaves with salts of potassium and of magnesium. (Transl. 
title.) Nauch. Agron. Zhur. (Jour. Landw. Wiss.) 7: 134-143. 
1930. 

Down1na, E. Sttver. The regional and seasonal distribution of potas- 
sium in plant tissues. Ann. Bot. 39: 459-474. 1925. 

Ferris, E. B. Sugar cane for syrup making. Mississippi Agr. Exp. 
Sta. Bull. 199. 1921. 

Fonpver, J. F. Variations in potassium content of alfalfa due to stage 
of growth and soil type and the relationship of potassium and cal- 
cium in plants grown upon different soil types. Jour. Amer. Soe. 
Agron. 21: 732-750. 1929. 

GeeERLIGs, H. C. P. Over den samenhang van het kali- en het suiker- 
gehalte van het suikerriet. Archief Suikerind. Nederl.-Ind. 
(Java) 18: 108-117. 1910. 

The correlation between the sugar and potash eontents 
of cane juice. Int. Sug. Jour. 13: 417-421. 1911. 

GortNER, R. A. Outlines of biochemistry. John Wiley & Sons, Ince., 
New York. 1929. 

GinssurG, J. M. Composition and appearance of soybean plants 
grown in culture solutions each lacking a different essential ele- 
ment. Soil Sci. 20: 1-13. 1925. 








448 


25. 


26. 


27. 


28. 


29. 


30. 


31. 


32. 


33. 


34. 


36. 


37. 


38. 


39. 


40. 


PLANT PHYSIOLOGY 


Haupen, G. H. Dark color of cane juice. Hawaiian Pl. Record 17: 
10. 1917. 

Hance, F. E. Unpublished data in letter to the Director, Exp. Sta., 
H.S.P.A. March, 1930. 

Harrison, W. H. Report of the Imperial Agr. Chem., Sci. Rpt. Agr. 
Res. Inst. Pusa. 1927-28: 30-39. 1928. 

Hartt, Constance E. Potassium deficiency in sugar cane. Bot. Gaz. 
88 : 229-261. 1929. 

HarTWELL, B. L., and Damon, S.C. The value of sodium when potas- 
sium is insufficient. Rhode Island Agr. Exp. Sta. Bull. 177. 
1919. 

Harvey,R.B. Plant physiological chemistry. Century Co., New York. 
1930. 

Herricu, H. Uber die Wirkung des Natrons neben dem Kali als 
Nahrstoff der Pflanzen. Zeitschr. Pflanzenernihr. Diingung & 
Bodenk. 10A : 299-323. 1928. 

Hoacuanp, D. R. The absorption of ions by plants. Soil Sci. 16: 
225-246. 1923. 

Horrer, G. N. Testing corn stalks chemically to aid in determining 
their plant food needs. Indiana Agr. Exp. Sta. Bull. 298. 1926. 

, and Trost, J. F. The accumulation of iron and alu- 
minum compounds in corn plants and its probable relation to root 
rots. Jour. Amer. Soe. Agron. 15: 323-331. 1923. 


. JAMES, W. O. Studies of the physiological importance of the mineral 


elements in plants. I. The relation of potassium to the properties 
and functions of the leaf. Ann. Bot. 44: 173-198. 1930. 

Studies of the physiological importance of the mineral 
elements in plants. II. Potassium: its distribution, movement, 
and relation to growth in the potato. Ann. Bot. 45: 425-442. 
1931. 

JANSSEN, G., and BArRTHOLOMEW, R. P. Role of potassium. Arkan- 
sas Sta. Bull. 246. 27-29. 1929. 

, and ————————. The influence of the potash concen- 
tration in the culture medium on the production of carbohydrates 
in plants. Jour. Agr. Res. 40: 243-261. 1930. 

JOHNSTON, E. S., and Hoacuanp, D. R. Minimum potassium level re- 
quired by tomato plants grown in water cultures. Soil Sci. 27: 
89-109. 1929. 

KONINGSBERGER, V. J., and VAN Den Honert, T. H. Over de Oorzaak 
der z.g. ‘‘Kalimati-ziekte.’’ Archief Suikerind. Nederl.-Ind. 
(Java) 39: Deel I: 28-39. 1931. 








41. 


42. 


43. 


44. 


45. 


46. 


47. 


48. 


49. 


50. 


HARTT: POTASSIUM AND SUGAR CANE 449 


, and ———_————_. Nogmaals over de oorzaak der z. g. 
Kalimati-ziekte. Antwoord op de kritiek van Mej. Dr. G. Wil- 
brink. Archief Suikerind. Nederl.-Ind. (Java) 39: Deel I: 161- 
166. 1931. 

KostytscHEw, S., and Exiaspere, P. Uber die Form der Kaliumver- 
bindungen in lebenden Pflanzengeweben. Zeitschr. physiol. Chem. 
111 : 228-235. 1920. 

Lege, H. A. The effect of potash fertilizers on eye spot at the Waimanalo 
Sugar Company. Hawaiian Pl]. Record 31: 284-287. 1927. 

, and Martin, J. P. Effect of fertilizer constituents on 
the eye-spot disease of sugar cane. Ind. & Eng. Chem. 20: 220- 
224. 1928. 

, and McHareuvg, J. S. The effect of a manganese defi- 
ciency on the sugar cane plant and its relationship to Pahala 
blight of sugar cane. Phytopath. 18: 775-786. 1928. 

Lipman, J. G. Report of the director, 50th Ann. Rpt. New Jer- 
sey Agr. Exp. Sta. 1929 (p. 36: Horticultural biochemistry). 
Martin, J. P. Potash studies in relation to sugar cane. Director’s 

Monthly Rpt. Exp. Sta., H.S.P. A. November, 1931. 

Pahala blight. Rpt. Exp. Sta. Com., H.S. P. A. 1931. 
p. 56. 

Internal stalk necrosis. Director’s Monthly Rpt., 
Exp. Sta.,H.S.P. A. August 10, 1932: 

McGeorcE, W.T. The availability of potash in Hawaiian soils. H. 8. 
P, A. Exp. Sta. Bull. Agr. and Chem. Series 48. 1924. 

The influence of aluminum, manganese and iron salts 
upon the growth of sugar cane, and their relation to the infertility 
of acid island soils. H.S. P. A. Exp. Sta. Bull. Agr. and Chem. 
Series 49. 1925. 

Chemical equivalent base exchange reactions in plants. 
Plant Physiol. 7: 119-124. 1932. 


. Mom, W. W.G. The plant food problem. Rpt. Assn. Hawaiian Sug. 


Tech. 9th Ann. Meeting. pp. 175-203. 1930. 

Naquin, E. E. Benefits derived from field experiments on unirrigated 
plantations. Proc. Assn. Hawaiian Sug. Tech. 10th Ann. Meeting. 
pp. 71-83. 1931. 


. Naguin, W. P. Plant food deficiency and its relation to root rot. Ref. 


Bk. Sugar Ind. of World 4: 59-63. 1926. 
Nemec, A., and GracaniIn, M. Influence de la lumiére sur 1’absorption 


de l’acide phosphorique et du potassium par les plantes. Compt. 
Rend. Acad. Sci. (Paris) 182: 806-808. 1926. 








450 PLANT PHYSIOLOGY 


57. NIGHTINGALE, G. T., SCHERMERHORN, L. G., and Roppins, W. R. Some 
effects of potassium deficiency on the histological structure and 
nitrogenous and carbohydrate constituents of plants. New Jersey 
Agr. Exp. Sta. Bull. 499. 1930. 

58. Nosse, F., ScHroeper, J., and ErpMann, R. Uber die organische 
Leitung des Kalium in der Pflanze. Landw. Vers.-Sta. 13: 321- 
399 ; 401-423. 1871. 

59. Owen, O. The analysis of tomato plants. II. The effect of manurial 
treatment on the composition of tomato foliage. Jour. Agr. Sci. 
21: 442-451. 1931. 

60. Prenston, NoraH L. Studies of the physiological importance of the 
mineral elements in plants. III. A study by microchemical meth- 
ods of the distribution of potassium in the potato plant. Ann. 
Bot. 45: 673-692. 1931. 

61. Pratt, J. H. Report of the committee on phosphoric acid and potash 
determinations in cane juices. Hawaiian Pl. Ree. 28: 3447. 
1924. 

62. Reep, H.S., and Haas, A. R. C. Studies on the effects of sodium, po- 
tassium, and calcium on young orange trees. California Agr. Exp. 
Sta. Tech. Paper 11. 1923. 

63. SHaw, H. R. Studies on the response of cane growth to moisture. 
Rpt. Assn. Hawaiian Sug. Tech. 9th Ann. Meeting. pp. 127-147. 
1930. 

64. SHeparpson, H. M. Unpublished data in letter to the Director, Exp. 
Sta., H. S. P. A. April, 1930. 

65. Suive, J. W. A study of physiological balance in nutrient media. 
Physiol. Res. 1: 327-397. 1915. 

66. Siro, A. R., and Vinpranpt, F. C. Substitution of sodium com- 
pounds for potassium compounds. Jour. Elisha Mitchell Sei. Soe. 
42: 118-121. 1926. 

67. STEUERWALD, L. G. L. Over de inerusteerende kleurstof van het suiker- 
riet. Archief Suikerind. Neder!.-Ind. 19: Deel II : 1548-1557. 1911. 
(from GEERLIGs, H. C. P. Cane sugar and its manufacture. 2d 
Rev. ed. Norman Rodger, London. 1924.) 

68. Srewart, G. R., and Verret, J. A. Cane growth studies at Waipio 
Substation. Rpts. Assn. Haw. Sugar Tech. 8th Ann. Meeting. pp. 
221-255. 1929. 

69. Van DeEveNTER, W. De Cultuur van het suikerriet op Java. 2de druk. 
J. H. DE Bussy, Amsterdam. 1927. (Unpublished transl. by E. 
D. RosBerts. ) 

70. Van Den Honert, T. H. Onderzoekingen over de voedingsphysiologie 

van het suikerriet. Archief Suikerind. Nederl.-Ind. 40: Deel IIT: 





1539-1608. 1932. 








HARTT: POTASSIUM AND SUGAR CANE 451 
The effect of phosphoric acid and potash on the quality 
of cane juices. Hawaiian Pl. Record 27: 117-121. 1923. 
Watuace, T. Chemical investigations relating to potassium deficiency 
of fruit trees. Jour. Pomol. & Hort. Sci. 9: 111-121. 1931. 
Wiprink, G. Kritiek op de voorloopige mededeeling van Dr. V. J. 
KONINGSBERGER en Dr. T. H. VAN DEN HoNneErT: Over de oozaak 
der z. g. Kalimati-ziekte. Archief Suikerind. Nederl.-Ind. 39: Deel. 


IT: 141-146. 1931. 


VERRET, J. A. 





452 PLANT PHYSIOLOGY 


EXPLANATION OF COLOR PLATE 


Color symptoms of potassium deficiency in sugar cane: A, typical leaf from control 
plant; B, C, and D, leaves from plants deficient in potassium. B shows the color of a 
midrib soon after it has become red, while C shows the darkening of the discoloration as 
the leaf ages. 
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SOME EFFECTS OF POTASSIUM UPON THE AMOUNTS OF 
PROTEIN AND AMINO FORMS OF NITROGEN, SUGARS, 
AND ENZYME ACTIVITY OF SUGAR CANE* 


CONSTANCE ENDICOTT HARTT 


(WITH ONE FIGURE) 


Introduction 


This paper reports the results of determinations of the enzymes inver- 
tase, amylase, and ereptase; analyses of total and amino nitrogen, reducing 
sugars and sucrose; and the hydrogen ion concentrations, titratable acidity, 
and titration curves of the juices expressed from the leaves, stems, and 
roots of plants grown with varying amounts of potassium. 

MetHops.—Details of the care of the plants during growth and of the 
methods employed in harvesting them have been presented in the preceding 
paper (26). 

Invertase, amylase, peptase, and ereptase, and total and reducing sugars 
were determined by the methods used in the studies reported in 1929 (24). 
The titration method of WiLusTATTER and WaupscHMipT-LeITz (55) was 
also used for the detection of peptase. 

Total nitrogen was determined by the Kjeldahl method, while the Van 
Slyke method was employed for the estimation of amino nitrogen. The 
nitrogen determinations were performed by the Chemistry Department of 
this Station. 


Results 


1. PHYSICO-CHEMICAL STUDIES OF EXPRESSED SAP 


Determinations of the hydrogen ion concentration, titratable acidity, 
and titration curves were performed using two representative plants of 
series 1 and 3, harvested December 4, 1931, eleven weeks after starting the 
plants in the nutrient solutions. The results of the electrometric determi- 
nations of the hydrogen ion concentration of the sap expressed from frozen 
tissues are presented in table I. These data show very little difference be- 
tween the hydrogen ion concentration of the controls and that of the plants 
deficient in potassium, the former being slightly more acid than the latter, 
which is the reverse of the results obtained by ReEep and Haas (40). 

Because of the dark color of the juices, it was necessary to dilute 1 ce. 
of juice with 20 ce. distilled water before titration. N/5 NaOH was used, 
with phenolphthalein as indicator. The results are given in table I. This 
shows that the blades of series 1 were a little less acid than those of series 

1 See footnote 1 of preceding paper. 
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TABLE I 
PH AND TITRATABLE ACIDITY OF EXPRESSED SAP 
| 
N/5 NAOH T0 NEUTRALIZE 
SERIES PH 1 CC. JUICE 
ce. 
Blades 
ESR ee 5.26 | 0.32 
 sraaicec an tecreeaioactie 5.32 | 0.49 
Stems 
snlalinscclabiaheins oa 5.17 0.4 
RE UR es et ' 5.34 0.3 
Roots 
| GRE ase See eee 5.58 0.09 
3 5.64 0.09 








3, while in the stems the reverse held, and the roots showed no difference. 

By adding varying amounts of sulphuric acid and sodium hydroxide to 
the expressed sap and determining the hydrogen ion concentration electro- 
metrically, the titration curves were obtained. These are shown in figure 
1. Aslight change in pH upon addition of acid or alkali indicates that the 
juice is well buffered, while a greater change means a poorly buffered juice. 
The graphs show that the blades of series 3 seemed to have a slightly better 
buffer system than those of series 1; that the buffer systems of the stems 
were very much alike; but that with roots, the plants of series 1 had 
a slightly better system on the acid side but those of series 3 were better on 
the alkaline side. On the whole there was very little difference in the way 
they reacted to additions of acid and alkali. It would seem, therefore, that 
differences in hydrogen ion concentration, titratable acidity, and buffer sys- 
tems were insufficient to explain the results of the enzyme determinations 
here reported. 


2. ANALYTICAL DATA 


The results of the nitrogen determinations are presented in tables II 
and ITI. 

In November, there was a higher percentage of amino nitrogen and lower 
percentage of protein nitrogen in the plants of series 3 than in the controls, 
while the total nitrogen remained about the same. These differences were 
more conspicuous in the blades than in the stems. In April, higher per- 
centages of amino nitrogen, protein nitrogen, and total nitrogen were found 
in the blades of the plants deficient in potassium, while in the stems the 
opposite relationship was found. When the total amounts of nitrogen con- 
tained in the entire plants are calculated, the results presented in table IV 
are obtained. These figures show that in November the average dry weight 
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Fig. 1. Effect of addition of varying amounts of acid and alkali upon hydrogen 


ion concentration of juice expressed from plants 1 and 3. 
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TABLE II 
NITROGEN ANALYSES OF PLANTS HARVESTED NOVEMBER 20, 1931, NINE WEEKS AFTER 
STARTING THE PLANTS IN THE NUTRIENT SOLUTIONS 
PERCENTAGES EXPRESSED ON MOISTURE-FREE BASIS 





























SERIES AMINO N PROTEIN N | NITRATE N ToTraL N 
% % | % % 

Blades 

SEE 0.070 + 0.011 1.585 + 0.0004 | None 1.655 + 0.001 

Di paris ashvseeee 0.086 + 0.004 1.605 + 0.003 None 1.691 + 0.008 

De sesnkaie 0.231 + 0.001 1.461 + 0.001 Trace 1.692 + 0.0004 
Stems 

DP cisdicegene 0.395 + 0.006 0.986 + 0.007 Trace 1.381 + 0.0007 

iia 0.463 1.122 Trace 1.585 

| ape he 0.441 0.911 None 1.352 

TABLE III 


NITROGEN ANALYSES OF PLANTS HARVESTED APRIL 27, 1932, 73 MONTHS AFTER STARTING 
THE PLANTS IN THE NUTRIENT SOLUTIONS 
PERCENTAGES EXPRESSED ON MOISTURE-FREE BASIS 











SERIES AmIno N PROTEIN N ToTaL N 
% % % 
Blades 
0.130 + 0.0009 1.707 + 0.008 1.837 + 0.009 
0.099 + 0.001 1.573 + 0.022 1.673 + 0.020 
0.148 + 0.002 1.923 + 0.008 2.071 + 0.005 





0.231 + 0.007 





2.285 + 0.026 


2.516 + 0.018 


0.161 + 0.001 2.139 + 0.023 2.300 + 0.024 
0.666 + 0.019 1.334 + 0.015 2.000 + 0.001 
0.633 + 0.013 1,294 + 0.008 1,927 + 0.022 
0.344 + 0.007 1.114 + 0.002 1.459 + 0.010 
0.199 + 0.002 1.205 + 0.011 1.404 + 0.013 
0.155 + 0.0007 0.866 + 0.016 1.021 + 0.016 











of the total blades of series 3 was 36.3 gm., and of series 1, 66.4 gm. At 
that time the blades of series 1 contained 0.0465 gm. of amino nitrogen per 
plant, while those of series 3 contained 0.0838 gm. Although weighing 
only half as much as those of series 1, the blades of series 3 contained al- 
most double the amount of amino nitrogen. This seems to be evidence of 


a derangement in the synthesis of proteins by the plants deficient in potas- 
sium. 
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TABLE IV 
TOTAL AMOUNTS OF PROTEINS WITHIN THE PLANTS 
AVERAGE DRY WEIGHT TOTAL PROTEIN N ToTAL AMINO N 
SERIES OF PLANT PER PLANT PER PLANT 
Nov. APRIL Nov. APRIL Nov. | APRIL 
gm. gm. gm. gm. gm. gm. 
Blades | 
ERR 66.4 189.7 1.052 3.238 0.0465 | 0.2466 
pees 36.3 69.7 0.530 1.338 0.0838 | 0.1032 
Stems | 
Be: ketartoe 13.5 299.4 0.133 3.994 0.0533 | 2.660 
iste 4.6 36.0 0.030 0.401 0.0203 | 0.124 




















The percentages of sugars in the plants are given in tables V and VI. 
Table V shows that two months after starting the plants in the nutrient 
solutions there was no great difference in the percentages of sugars in the 
three groups of plants studied. A slightly higher percentage of reducing 
sugars and lower percentage of sucrose is suggested in the blades of the 
potassium-deficient plants at that time. Although these differences may be 
within the limits of experimental error, it is possible that they suggest a 
tendency when compared with the results obtained later. In April the 


TABLE V 


SUGAR PERCENTAGES OF PLANTS HARVESTED NOVEMBER 20, 1931, EXPRESSED ON 
MOISTURE-FREE BASIS 











SERIES REDUCING SUGARS SUCROSE TOTAL SUGARS 
% % % 
Blades 
| URGE ene Seto 3.230 + 0.094 3.717 + 0.224 6.947 + 0.318 
ea a 4.235 + 0.099 2.487 6.722 
Ba ae et 3.548 + 0.066 3.183 + 0.074 6.731 + 0.005 
Stems 
(PENA ae 4.879 + 0.079 14.630 + 0.465 19.509 + 0.385 
7.003 + 0.124 14.163 + 0.138 21.166 + 0.013 
4.155 + 0.109 13.698 + 0.011 17.853 + 0.120 




















blades of the plants starved for potassium were higher in reducing sugars 
and lower in sucrose than those of the controls, although the percentages of 
total sugars remained about the same. The stems of series 2 were higher 
in reducing sugars and lower in sucrose than the controls, but the stems of 
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the other potassium-deficient plants were very low in reducing sugars as 
well as sucrose and there was a positive correlation between the amount of 
potassium supplied and the total sugar produced. These results indicate 
derangements in the transformations between the hexoses and sucrose. 
These derangements were found to be correlated with a weak activity of 
invertase, which will be discussed later. 


3. INVERTASE STUDIES 


In a former paper (24) evidence was presented indicating that a defi- 
ciency in potassium resulted in a weakened activity of invertase in sugar 
eane. This has been substantiated and studied in greater detail in the pres- 
ent investigation and a preliminary report of some of the results has already 
appeared (25). 























TABLE VI 
SUGAR PERCENTAGES OF PLANTS HARVESTED APRIL 27, 1932, EXPRESSED ON MOISTURE- 
FREE BASIS 
SERIES REDUCING SUGARS SUCROSE TOTAL SUGARS 
% | % % 
Blades 
) PERO EES ee 4.580 + 0.050 4,225 + 0.145 8.810 + 0.095 
» AMA treet 4.360 + 0.028 5.622 + 0.014 9.982 + 0.014 
Bees 5.617 + 0.134 2.559 + 0.212 8.176 + 0.078 
Me ccslssshasetieetatinns 5.973 + 0.188 3.070 + 0.044 9.044 + 0.145 
_ BeOS, 5.346 + 0.087 3.647 + 0.005 8.993 + 0.081 
Stems 
OO sscsnstcttiecestis 8.538 + 0.045 26.220 + 0.112 34.758 + 0.157 
_ Paeeanaee an aeee 10.055 + 0.231 21.431 + 0.053 31.487 + 0.117 
8.024 + 0.057 23.116 + 0.257 31.140 + 0.314 
3.483 + 0.049 23.747 + 0.472 27.230 + 0.522 
3.653 + 0.160 18.980 + 0.160 22.634 + 0.000 








Determinations were made of the activity of the invertase of the blades 
and the stems of the material harvested in November and in April, both 
unbuffered and at the optimum reaction. The buffers used in these experi- 
ments were those of McItvaIneE which are described by CuarK (8). These 
were chosen because they do not contain potassium. Controls were run on 
the hydrogen ion concentration of the tests before and after inversion, 
which showed that the buffers were efficacious. It was also found that the 


reaction of the unbuffered tests did not change materially during inversion. 

Determinations were made of the effect of the hydrogen ion concentra- 
tion upon the activity of invertase of the plants of series 1, the results of 
which are given in table VII. 
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The results of all the invertase tests are reported as ec. N/20 KMn0O,, 
the Bertrand titration method having been used. With the exception of 
the effect of the reaction on the invertase activity of the blades harvested in 


TABLE VII 


PH AND INVERTASE OF SERIES 1 




















INVERSION BY INVERTASE 

PH 7 = NOVEMBER APRIL 

BLADES | STEMS BLADES | STEMS 

ce. ce. ce. ce. 

BPE races tcl ts | 7.77 meeeee . ae Mae 23.30 
phy ROO RP | 4.71 17.9 | 52.30 29.91 | 21.07 
One cic ~ | 1.83 | 18.9 | 59.87 34.09 23.21 
WEES cccrtvamcinin 0.90 | 18.6 62.11 38.27 25.54 
I cicesincics 1,39 18.25 49.85 28.87 | 17.47 
| Seeker 1.15 Sree ee, a 
Mi ee. oe 16.9 ir 12a 

















November, all the tests were conducted in duplicate, with duplicate controls 
for each lot of material and for each buffer, and were repeated. Table VII 
shows that the optimum reaction for the invertase of the controls was about 
pH 4.4. 

Invertase determinations of all the plants are presented in table VIII. 
The determinations of the activity in the blades and stems, buffered and 
unbuffered, were performed on separate days. While every effort was 
made to keep the conditions uniform, identical conditions were impossible 
of attainment. Consequently the results in table VIII are only roughly 
comparable vertically. They are intended to be read horizontally. 

Table VIII shows that the blades and stems of the plants supplied with 
potassium had a greater invertase activity than those of the potassium-defi- 
cient plants. The difference was greater in the stems than in the blades. 
Greater differences would have been obtained in the stems of the April 
material if a distinction had been made between green and dry leaf cane, 
a point which will be discussed later. When tested at the optimum reac- 
tion, the activity was apparently equal in all the blades. The activity of 
the stems was not equalized at the optimum reaction, however, although the 
difference between the extremes was less than when tested unbuffered. 

Because of the importance of hydrogen ion concentration in invertase 
activity, which is illustrated in table VII, one might suppose that the dif- 
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TABLE VIII 


INVERTASE ACTIVITY IN SUGAR CANE 











SERIES 
3 4 5 








November material 





Blades 
(unbuffered ) mies, 39.10 i 33.89 


Blades 
20.16 


tems 
(unbuffered) 


Stems 








April material 





Blades 
(unbuffered) 25.00 21.21 22.64 


Blades 





36.08 36.16 40.64 39.43 


Stems 
(unbuffered ) 22.16 15.64 24.10 10.52 





Stems 














23.04 14.82 19.78 15.78 13.57 





ferences in activity shown in table VIII were caused by differences in reac- 
tion of the unbuffered plant material. This is not true. Colorimetric 
determinations of the hydrogen ion concentration of the blade and stem 
powder were made and no correlation was found between the reaction of the 
powder and the activity of invertase, as will be seen in table 1X. For ex- 
ample, in the April material the blades of series 4 and 5 had equal invertase 
activity when tested unbuffered but differed in reaction, while series 3 and 
4 had the same reaction but differed in activity. In the stems, series 1 had 
the least favorable reaction but that material was one of the strongest in 
invertase activity. It is evident that hydrogen ion concentration is not the 
only factor governing the activity of invertase. 

Another factor affecting the activity of invertase in sugar cane is the 
amount of potassium present in the tissue. The stem powder of the plants 
of series 1 contained 1.504 per cent. potassium, while that of series 5 had 
only 0.278 per cent. potassium. An attempt was made in the study 
reported in 1929 (24) to equalize the potassium in the two lots of material ; 
the result was an equal increase in activity in both the control and 
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TABLE IX 
PH OF AIR-DRY POWDER 
SERIES NOVEMBER BLADES APRIL BLADES APRIL STEMS 

pH pH pH 
Be eer ae 5.6 5.2 5.7 
> PART are 5.6 5.2 4.6 
3 5.6 5.4 4.6 
+ 5.8 5.4 4.8 
5 5.8 6.0 4.9 
SEAT EEE Aes: Seam [ec 5.3 5.2 
Pe eee eS eee 5.4 4.9 














the potassium-deficient powder. It was concluded at that time that potas- 
sium is essential for the formation of invertase within the plant. Unfor- 
tunately no buffered tests were made. In the present study the activity of 
the stems of series 1 and 5 was determined at pH 4.4, with and without the 
equalization of potassium. The results are reported in table X. The 
potassium content of the stem powder of these plants was approximately 
equalized by the addition of potassium dihydrogen phosphate to series 5 
and sodium dihydrogen phosphate to series 1. It will be seen that the addi- 
tion of sodium phosphate to series 1 had no effect, while the potassium phos- 
phate increased the invertase activity of series 5. These data indicate that 
potassium is a specific accelerator for the activity of invertase in sugar cane, 
and that sodium and phosphorus are not. 











TABLE X 
POTASSIUM AND INVERTASE OF STEMS AT PH 4.4 
ACTIVITY WITH EQUAL 
SERIES PoTassIuM ACTIVITY ALONE POTASSIUM 
% 
: eRe 1.504 17.44 18.07 (+ Na) 
ee 0.278 10.85 13.88 (+ K) 














When all the tests for stems are averaged it is found that when tested 
unbuffered, series 1 is 2.78 times as active as series 5; at the optimum reac- 
tion, series 1 is only 1.71 times as active as series 5; and when the potassium 
is equalized at the optimum reaction, series 1 is only 1.31 times as active as 
series 5. Evidently the invertase is present within the potassium-deficient 
plants, but it needs the proper conditions for its optimum activity. 

The plants deficient in potassium showed derangements in the transfor- 
mations of the sugars correlated with the weak activity of invertase. This 
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should be expected since invertase is the enzyme which catalyzes the hydroly- 
sis and synthesis of sucrose. Direct evidence for the latter has recently 
been obtained by OpartIn and Kurssanow (39). The idea occurred that 
other factors which curtail the production of sucrose from the hexoses 
within the plant might operate by their effect upon the activity of inver- 
tase. 

To obtain additional evidence on this point a supplementary experiment 
was performed. At the Waipio Substation of the Hawaiian Sugar Plant- 
ers’ Association there was a field of variety P.O.J. 2878 which had received 
uniform fertilizer and irrigation treatment. For some undetermined rea- 
son the juices in the cane in one portion of the field were consistently low 
in sucrose, while in another part of the same field juices high in sucrose 
were obtained. The object of the experiment was to determine the juice 
quality and invertase activity of the plants giving good and poor juices. 
Five plants of each lot were taken and were subdivided into blades, green 
leaf cane, and dry leaf cane. The quality of the juices is given in table 
XI, these data being supplied by the Department of Sugar Technology of 
this Station. 

The invertase activity of these samples is given in table XII. The term 
green leaf cane is applied to that portion of the millable cane to which green 
leaves are attached, while dry leaf cane is the part which bears dry leaves 
or none. 


TABLE XI 


JUICE QUALITY OF CANE 














Nl 
SAMPLE | Brix* iad POLARIZATION* | PurRItTy* QUALITY RATIO* 
ee = | 
Good cane (green | 
leaf part) .............. 13.60 | 9.60 70.6 16.41 
Poor cane (green 
leaf pert) ........... 12.89 7.23 56.1 28.73 
Good cane (dry | | | 
leat part) ........ | 22.12 20.30 91.8 6.39 
Poor cane (dry | 
20.87 18.84 90.3 6.95 


nina ij | 





* Purity is the ratio between the polarization (or total sucrose) and the Brix (or 
total solids measured by the Brix hydrometer), while quality ratio is the number of tons 
of cane necessary to make one ton of sugar. 


It will be seen that when tested unbuffered, the activity of the stems of 
the cane giving good juices is the same as that of the poor cane. The dif- 
ference between the activities of the blades of the two lots of plants is not 
great, but may be significant. The most striking point brought out by this 
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TABLE XII 


INVERTASE ACTIVITY, VARIETY P.O.J. 2878 











Saurus | eee 
as “Remini ace 12.20 | 9.37 
Greer leaf Came ....cccceccssscsssssssesseeeen 12.71 | 13.99 
Fe TORE CONG 25s 6.07 | 6.88 








experiment is the fact that the activity in the green leaf part of the stem is 
double that of the dry leaf portion. This applies to both the good cane and 
the poor. In the good cane the invertase of the blades is equal in activity 
to that of the green leaf portion of the stalk. It is evident that wherever 
sucrose is actively made or stored, invertase activity is great; whereas in 
the dry leaf portion of the stick, where the storage of sucrose is practically 
completed, the invertase activity decreases. 


4. AMYLASE STUDIES 


In the study reported in 1929 (24) the activity of amylase was found to 
be greater in the plants deficient in potassium than in the controls, in both 
blades and stems. It was suggested that the cause of the increased activity 
in the plants deficient in potassium might be their greater percentage of 
sugars, which perhaps constitute the substrate necessary for the formation 
of starch by amylase, since the amount of substrate has been found in ecer- 
tain cases to affect the amount of enzyme produced. Another possibility 
suggested was an increase in the absorption of phosphorus in the potassium- 
deficient plants, since phosphorus is known to favor the activity of amylase, 
and JOHNSTON and Hoacuanp (31) found that tomato plants absorbed an 
increased amount of phosphorus when the supply of potassium was defi- 
cient. 

In the present studies, determinations were made of the optimum reac- 
tion for the amylase of cane; of the activity in the blades and the stems of 
the plants supplied with varying amounts of potassium; and of the effects 
of potassium, phosphorus, calcium, magnesium, dialysis, and sugars upon 
the activity of amylase. The results are given as color with iodine-potas- 
sium iodide after incubation for 20 hours at 36.5° C., using soluble starch 
as the medium. The following twelve colors are used to represent the 
course of the digestion of starch, in the order named: blue, purple-blue, 
purple, red-purple, very dark red, dark red, red, bright red, orange-red, 
orange, pink-yellow, yellow. 
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TABLE XIII 


PH AND AMYLASE OF SERIES 1 











PH 


NOVEMBER BLADES 















2.2 


4.9 


5.9 
6.3 
7.1 


We soe 





Purple-blue 
Dark red 


Red-purple 


APRIL BLADES 


APRIL STEMS 





Dark red 
Dark red 
Bright red 
Red 


Red-purple 





Red-purple 
Red 
Red 
Red 
Red 













shown in table XIII. 


TABLE XIV 
AMYLASE OF PLANTS GROWN WITH VARYING AMOUNTS OF POTASSIUM 


The effect of the reaction of the medium upon the amylase activity is 
The optimum reaction for the amylase of blades was 
found to be pH 5.9. The amylase of stems did not seem to be influenced 
appreciably by hydrogen ion concentration. 
The amylase activity of all the plants is given in table XIV. 



















SERIES .. 





NOVEMBER MATERIAL 





APRIL MATERIAL 





BLADES 
(PH 5.9) 


STEMS 
(UNBUFFERED ) 















. Dark red 
c Orange 
r Yellow 


: Pink-yel! 





Very dark red 





Orange-red 


| Yellow 


Yellow 







ow Yellow 












ing order was 4>5>3> 
was4>3>5>2>6 and 
4>5>3>6 and7>1> 
sium had greater amylase activity than the controls. 


re. 


2 
7-1. 
2 


BLADES 
(PH 5.9) 





STEMS 
(UNBUFFERED ) 





Red-purple 
Red 
Orange 


Yellow 


Orange-red 


Dark reu 
Dark red 








| 
| 








Red-purvle 


Purple 





Red 
Orange 
Bright red 
Dark red 
Dark red 





The amylase activity of the blades of the November material in decreas- 
That of the blades of the April material 
That of the stems collected in April was 
. In every test the plants deficient in potas- 
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Studies were made concerning the cause of the active amylase of the 
potassium-deficient plants: 


a. Sugars 


Perhaps the formation of starch from dextrose in plants is catalyzed by 
amylase. If so, and if the production of amylase is regulated by the 
amount of dextrose, then the plants which have the most active amylase 
should also contain the largest percentage of reducing sugars, other things 
being equal. The data for the sugars in the November harvest are insuf- 
ficient for this comparison. Table VI shows that the percentage of reduc- 
ing sugars in the blades of the April material decreased in the order 
4>3>5>2>1. The amylase of the same blades differed in the same 
order. The stems of the plants deficient in potassium, however, had the 
lowest percentage of reducing sugars and the most active amylase. In 
short, although the principle of the quantitative regulation of enzyme pro- 
duction might apply to the amylase activity in the blades, it could not be 
applied in the stems. 

Before the sugar determinations were performed a supplementary test 
was conducted to determine the effect of sugars upon the activity of amy- 
lase. Cane shoots were taken from cuttings and supported in split corks 
in Erlenmeyer flasks, and were placed in intense diffused light. One plant 
was given distilled water, another a 1 per cent. solution of sucrose, and a 
third a 1 per cent. solution of dextrose. The sugars and water had been 
boiled and cooled. They were renewed at intervals. After four days the 
blades were removed, ground and dried, and amylase determinations were 
performed. At the time of the removal of the blades the three plants ap- 
peared about the same, except that the spindle of the plant which had 
received dextrose was greener than the spindles of the other two plants. 
It was found that the plant which had received dextrose had the most 
active amylase, that which had been in water was the least active, while 
the amylase of the plant receiving sucrose was intermediate in activity. 
These results are not in agreement with those of Ssépera (43), who found 
that bean plants receiving sugars had weaker amylase activity in stems 
and leaves than those with no organic nutrients. The present results seem 
tc uphold the general theory of the effect of the substrate upon the pro- 
duction of enzymes, although, as explained above, that theory cannot ex- 
plain the amylase activity in the stems in these potash investigations. 


b. Phosphorus 


The percentages of phosphorus in the plants were given in tables XV 
and XVI of the first paper of this series (26). The relative amounts of 
phosphorus, potassium, and amylase are given in table XV, in which the 
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TABLE XV 
RELATIVE AMOUNTS OF PHOSPHORUS AND POTASSIUM, AND AMYLASE ACTIVITY 





NOVEMBER BLADES | APRIL BLADES APRIL STEMS 














Phosphorus ........0....00.00 SSS>352>1 | 455>E>S> 931 5>4>1and3>2 
WORRMRIIE nance IS23>S>5>4@ | 1>23>8>6>€4] t>2>F>4>5 
[| eae 4>5>3>2>1)|4>3>5>2>1)| 4>5>3>1>2 











figures are the series numbers of the plants. From this it will be seen 
that there is a fairly good positive relationship between the phosphorus 
content and the amylase activity. There is also a good negative correlation 
between the potassium content and the amylase activity. 

Tests were conducted with the blades of the material collected in both 
November and April to determine whether equalizing the phosphorus would 
result in the equality of the activity of amylase and it was found that it 
did not. Evidence was obtained, however, indicating that the amylase of 
the potassium-deficient blades is activated by phosphorus more than is the 
amylase of the control blades, as shown in table XVI. 


TABLE XVI 


AMYLASE ACTIVATION BY PHOSPHORUS 








TREATMENT 


CoLor witH IKI 











Blades 


|e Tr Ae H,0 Dark red 





Na phosphate Dark red 


bo 


H,O Orange-red 


Scasecincwers ties Na phosphate 





Orange 








c. Theories more or less disproved 


Aspargine is known to be an activator of amylase. A microchemical 
test was made of the blades of series 1 and 4, using copper acetate. No 
marine blue crystals of copper asparginate were found, indicating that 
little or no asparagine was present. 

Sodium is one of the ions known to activate amylase, but the plants of 
series 5 were grown entirely without sodium and their amylase was about 
equal in activity to the amylase of series 4. 

It might be supposed that the potassium content of the control plants 
was high enough to exert a direct inhibitory action upon amylase. This 
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was not true because the addition of potassium to the blades of the control 
plants harvested in November resulted in a slight inerease in activity. 
OpaRIN and DsatscHKow (38) concluded from studies with wheat that 
amylase is made in the plant and goes to the grain. Amylase might be 
made in the blades of the sugar cane plant, its production being controlled 
by the sugar content of the blades rather than of the stems. But if amylase 
migrates from the blades to the stems it would supposedly go through the 
phloem. The phloem necrosis which curtailed the translocation of proteins 
and sugars from the blades to the stems would also prevent the migration, 
of amylase. This should tend to result in less amylase in the stems of the 
potassium-deficient plants than in the controls, which was not found. 


d. Activation by salt constituents in general 


The blades of the potassium-deficient plants harvested in November 
were higher in total ash, calcium, and magnesium than were the controls, 
as shown in the first paper of this series (26). These differences held for 
magnesium in the blades and stems of the April material, and for calcium 
in the blades, but did not hold for calcium in the other organs or for total 
ash. Therefore, although the higher ash, calcium, and magnesium content 
of the potassium-deficient plants might explain their more active amylase 
in the material of the November harvest, only the magnesium content could 
apply to that collected in April. 

The magnesium contents of the blades of series 1 and 2, harvested in 
November, were equalized by the addition of magnesium sulphate to the 
former. It was found that the magnesium sulphate activated the amylase 
of the blades of series 1 slightly but did not make it equal to that of series 
2. Similar results were found when the calcium content was equalized. 

To find the effect of the ash constituents in general, the blades of the 
November harvest were dialyzed in collodion bags before incubation. Pre- 


TABLE XVII 


AMYLASE ACTIVITY OF BLADES AFTER DIALYSIS FOR 24 HOURS 




















Cotor witH IKI 
SERIES —— — 
NON-DIALYZED DIALYZED 
veers wenn Dark red | Red-purple 
2 Banyo? Red Dark red 
Re saat nntnoceae | Pink-yellow | Orange 
re eID oo | Yellow Pink-yellow 


D  diccconaiaah | Yellow Pink-yellow 
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liminary tests and controls showed that the amylase of sugar cane is non- 
dialyzable through collodion. The amylase activity of the blades with and 
without previous dialysis for 24 hours is shown in table XVII. 

In every plant, dialysis for 24 hours resulted in decreased activity, indi- 
eating the loss of an activator. In another experiment dialysis was con- 
tinued for three days. Amylase determinations were then performed, the 
results of which are given in table XVIII. 

Dialysis for three days thus decreased the amylase activity of series 
2, 4, and 5 but increased that of series 1 and 3. This shows that dialysis 


TABLE XVIII 


AMYLASE ACTIVITY OF BLADES AFTER DIALYSIS FOR 3 DAYS 








CoLor witH IKI 
SERIES ae ee 
NON-DIALYZED | DIALYZED 

| 








Purple Red-purple 
Red-purple Purple 
Very dark red Dark red 


Pink-yellow | Red 





Pink-yellow | Dark red 





even for three days does not equalize the activity of amylase. It is there- 
fore not the mere presence of the ash constituents which alone determines 
the activity of amylase. It should not be surprising that dialysis at times 
results in increased activity of amylase and at other times decreases its 
action. Among the dialyzable constituents of the plant material it seems 
only reasonable that there are some which increase and some which decrease 
the activity of amylase, and that these diffuse at different rates. 

Further considerations of the amylase activity will be found in the 
discussion. 


Other tests to be reported in another contribution have shown greater 
dextrinase and weaker maltase activity in the blades of cane plants deficient 
in potassium than in the controls. Greater differences in maltase activity were 
found in wheat and buckwheat than in sugar cane. 


5. EREPTASE STUDIES 


The optimum reaction for the activity of ereptase was determined and 
the results are shown in table XIX. The test consisted of the formation 
of tryptophane from Witte peptone, the amount of tryptophane being de- 
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termined by the addition of bromine water. This gives a pink color and 
the deeper the pink the greater the amount of tryptophane, and hence the 
greater the activity of ereptase. 


























TABLE XIX 
PH AND EREPTASE OF SERIES 1 

rH NOVEMBER MATERIAL APRIL MATERIAL 

BLADES Roots BLADES STEMS Roots 
2.2 IN 8 tects = (Li secuneoaccus J atanietiiaatte —5 Mysiavcereecccans 
Oe Wh seccaceas Colorless EAR WANE Tce OT Ses 
BRS teres Colorless Lighter pink Saoeateuahen Colorless 
recs | Light pink Light pink Colorless Very light pink 
4.4 Friant Sonn. af Senate | Pink Colorless Light pink 
4.9 Light pink | Very light pink | Rose Colorless Pink 
5.3 sprees Sh stapes eto Light pink Light pink | Light pink 
See WP snc ooeememen. ieas, Pink 
5.9 RS | pemeedt veel eo at ea) (eee ee Deeper pink | Colorless 
Re ili sitendnccie® UB) eenceneee iP ommeninanares BAGG DIR | sicicpinicrccs 
8.1 een fF cu eee, Colorless 

















* Negative results; blanks indicate no test performed. 


The optimum reaction for the blades, November and April, was found 
to be pH 4.9, stems 5.9, and roots about pH 4.9. 

Determinations were made of the activity of ereptase of the blades and 
roots of the plants harvested in November, and of the blades, stems, and 
roots of the April material, all the tests being made at the optimum reac- 
tion. No difference was found in the activity in the blades. Some slight 
differences occurred in the stems, but they were not correlated with the 
amount of potassium supplied nor with any other observed factor. The 
activity in the roots of the material harvested in April occurred in the 
order 4>3 and5>2and7>1>6. The gradation is not perfect, but it 
does indicate greater activity in the plants deficient in potassium. 


6. PEPTASE STUDIES 


Peptase activity was found in the studies reported in 1929 (24) to be 
greater in the controls than in the plants deficient in potassium. Since 
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peptase may be important in catalyzing the synthesis of proteins, any de- 
rangement in its activity might be expected to reduce the production of 
protoplasm and hence curtail growth. 

It was hoped to repeat the studies of peptase in the present investiga- 
tions, using a more exact method. To date no evidence of peptase activity 
has been obtained. Using the carmine fibrin method of GriirzNer (22), 
no peptase activity was detected in blades or roots at pH 2.2-5.9. With 
the titration of WiusTATTER and Waupscumipt-LeITz (55) no proteolytic 
action was demonstrated at pH 2.2, 3.3, 4, 4.9, 7.1, or 8.1. In these tests 
water was used as the medium for extraction. According to Vines (51) 
ereptase is generally more readily extracted by water while peptase is 
extracted more easily by 2 per cent. NaCl. slowever, where plants have 
been grown in a concentrated nutrient solution, Vines found that peptase 
could be extracted with water. Inasmuch as the nutrient solutions used 
in the Chicago experiments were much more concentrated than those 
used in the present studies, the idea occurred that the peptase of the former 
plants might have been more readily soluble in water than that of the 
present investigation, which might require additional salt for extraction. 
To determine this point, blade material was extracted for two days in 2 
per cent. NaCl. The reaction was then adjusted to pH 5.2-5.3 with sodium 
dihydrogen phosphate, and a peptase test was performed using carmine 
fibrin. No sign of digestion occurred. The WILLsTATTeR-WALDSCHMIDT- 
Leitz method was employed at pH 4.9 and 5.4, with negative results. 

The conclusion is drawn that under the conditions of the present in- 
vestigations, no peptase was found. Possibly using a different method of 
extraction or a different hydrogen ion concentration, positive results would 
be obtained. Perhaps the more concentrated nutrient solutions used in 
the former study (24) caused the development of peptase strong enough 
to be detected. Peptase is probably present in cane but in such small 
amounts that it is often undetectable. For the study of the relation of 
potassium to the activity of peptase, soy beans or other plants high in pro- 
teins might be more desirable. 

Notwithstanding the fact that no evidence of peptase was obtained, 
derangements in the formation of proteins were indicated. Growth was 
proportional to the amount of potassium supplied. In November the dry 
weight of the blades of series 3 was about half that of series 1, whereas 
series 3 contained nearly double the amount of amino nitrogen, as shown 
in table IV. This would seem to indicate difficulty in some step of the 
synthesis of proteins. Because the activity of ereptase was equal in all 
the blades, the indications are that the synthesis of the higher proteins was 
eurtailed by the deficiency of potassium. Whether or not this was due to 
a weak activity of peptase as shown previously (24) could not be ascer- 
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tained in the present study. The analogy between the nitrogen and sugar 
data is interesting although inconclusive. 


Discussion 


Since the chemical transformations in plants are chiefly catalyzed by 
enzymes, it would seem that quantitative determinations of their activity 
in connection with chemical analyses in studies of mineral deficiencies might 
lead to important results. A few studies of the effects of potassium upon 
the activity of enzymes will be mentioned. Dosy and Hresarp (10, 11) 
found more active invertase and diastase in sugar beets deficient in potas- 
sium than in those supplied with that element. Harrr (24) reported de- 
rangements in the activities of invertase, diastase, peptase, and catalase in 
sugar cane plants grown without potassium. Ecxkerson (12) found that 
plants low in potassium are weak in reducase activity. In the present 
studies a decreased activity of invertase and increased activity of amylase 
were found in the cane plants deficient in potassium. It would seem that 
these derangements in enzyme action might be closely connected with the 
disturbance in the protein and carbohydrate metabolism of the plant. 

While it is probably not essential to consider that all of the reactions 
catalyzed by enzymes are reversible, yet this has been proved for several 
and assumed for many. The supposition that there is a separate enzyme 
which condenses dextrose and levulose to form sucrose does not seem neces- 
sary in view of the recent work of OparRIN and Kurssanow (39), who have 
demonstrated the synthetic action of invertase. Their report provides a 
summary of the subject of enzymatic synthesis. In the studies, the views 
that sucrose is not the first sugar formed in photosynthesis, and that both 
the synthetic and the analytic reactions are catalyzed by the same enzymes, 
are taken as working hypotheses. It is realized that further studies may 
disprove these points, but at present they seem to explain the results 
obtained. 

The enzymes of sugar cane have been insufficiently studied. BrRowNrE 
(4) mentioned the presence of the following enzymes in cane: diastase, 
invertase, oxidase, and a reducing enzyme. In addition to these, BROWNE 
and Buiourn (5) stated that peptonizing enzymes are present in cane stalks. 
Hartt (24) reported the results of quantitative determinations of diastase 
invertase, peptase, ereptase, and catalase. NrEB (36) reported the ocecur- 
rence of saccharase, amylase, catalase, tryosinase, oxidase, peroxidase, and 
maltase. 


PROTEIN METABOLISM 


The subject of the utilization of potassium by plants, with particular 
reference to the interrelationships between carbohydrate and protein 
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metabolism in plants deficient in potassium, has been so well summarized 
by NIGHTINGALE et al. (37) in connection with studies of the tomato plant 
that it does not need to be repeated here. In substance, they conclude that 
where carbohydrates accumulate in potassium-deficient plants, a principal 
cause of their accumulation is a derangement in the synthesis of proteins. 
A similar conclusion had previously been reached by Harrr (24), who 
found higher percentages of total sugars and increased formation of lignin 
correlated with a deficiency in the activity of peptase in sugar cane plants 
grown without potassium. 

In the present studies, derangements in the synthesis of proteins in the 
plants deficient in potassium were indicated indirectly by the curtailment 
of growth (26) and directly by the nitrogen determinations. Two months 
after starting the plants in the nutrient solutions, the blades of series 3 had 
a higher percentage of amino nitrogen and a lower percentage of protein 
nitrogen than those of series 1, the total nitrogen remaining about the same. 
Similar though less pronounced differences were found in the stems, as 
shown in table II. Not only was there a difference in percentages, but the 
actual amount of amino nitrogen in the blades of series 3 was almost double 
that in series 1, although the average dry weight of the plants of series 1 
was about twice that of those of series 3, as shown in table IV. This aceu- 
mulation of amino nitrogen in the blades and stems of the plants deficient 
in potash which occurred at the age of two months, together with the slight 
decrease in percentage of protein nitrogen, seems to be evidence of the 
failure of the potassium-deficient plants to synthesize proteins as usual. 
Attention is called to the fact that the curtailment in synthesis occurred 
after the formation of amino acids rather than before, indicating that in 
these plants the reduction of nitrates proceeded as usual. Notwithstanding 
this point, reducase determinations would be interesting and would have 
been made had time permitted. 

The terminology of proteolytic enzymes has become considerably com- 
plicated in recent years. Following Vines (51), in this paper the simple 
distinction between peptase and ereptase is made, the former catalyzing the 
digestion of complex proteins to peptones and allied compounds, and the 
latter carrying the digestion from these intermediate products to amino 
acids. Since there is little evidence of a tryptic enzyme occurring gen- 
erally in plants, that is left out of consideration. In the studies reported 
in 1929 (24) both peptase and ereptase were found to occur in cane, whereas 
in the present study ereptase was the only proteolytic enzyme detected. As 
mentioned in the results, the use of other solvents at other reactions might 
have shown the presence of peptase. Inasmuch as the activity of ereptase 
seemed not to be affected by the supply of potassium, with the possible ex- 
ception of the roots, derangements in ereptase cannot explain the deficiency 
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in the synthesis of proteins. If the synthesis of proteins follows the same 
steps as their digestion, would not a weakened peptase activity result in the 
accumulation of peptase and proteoses rather than amino acids? It is, how- 
ever, conceivable that both might occur. It is unfortunate that no deter- 
minations of the forms of nitrogen were made in the Chicago studies, and 
that the attempted detection of peptase in the Honolulu studies failed. 
Since at the age of two months the synthesis of proteins in the potassium- 
deficient plants had proceeded as usual, as far as the production of amino 
nitrogen, it seems likely that either some essential amino acids were lack- 
ing or that a derangement occurred in the activity of the higher proteolytic 
enzymes. There is need for further work along these lines. 

Although in November the stems of the plants deprived of potash were 
slightly higher in amino nitrogen and lower in protein nitrogen than were 
the controls, in April the stems of the potassium-deficient plants had con- 
siderably lower percentages of amino, protein, and total nitrogen than the 
controls. The blades of the plants harvested in April showed higher per- 
centages of amino, protein, and total nitrogen in the plants deficient in 
potassium than in those supplied with an adequate amount of that element. 
Thus the proteins of the blades and stems of the plants harvested in Novem- 
ber varied in the same way, while in the April harvest the results of the 
protein analyses of the blades and stems were diametrically opposed. These 
observations may be explained by assuming that the chief seat of synthesis 
of amino acids and simple proteins is in the blades; that at least some water 
and nutrient salts can still move up in the xylem of the potassium-deficient 
plants; but that a necrosis of the phloem curtailed the translocation of 
nitrogenous compounds from the blades to the stems. Evidence of phloem 
necrosis possibly similar to that reported by JoHNsTON and Dore (30) has 
been presented in the first paper of this series (26), the evidence consisting 
of brown discolorations of the sieve tubes and companion cells in the mid- 
ribs and stems of the plants deficient in potassium. The necrosis might be 
due either to a disturbance in the synthesis of proteins resulting in ab- 
normal protoplasm in the sieve tubes and companion ¢ells, or to the accu- 
mulations of iron at the nodes resulting in the coagulation of the proteins 
of the phloem, or to both conditions. Whatever the cause, it is apparent 
that such a necrosis might seriously interfere with the translocation of 
nitrogenous and carbohydrate compounds. 

In short, the results here reported indicate that both the synthesis and 
the translocation of proteins in the sugar cane plant are decreased by a 
deficiency in potassium. The derangement in the synthesis of proteins is 
possibly caused by a weak activity of peptase, as shown by former studies 
(24). The interference with their translocation may be caused by the 
necrosis of the phloem. 
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CARBOHYDRATE METABOLISM 


Differences so slight as to be within the limits of experimental error in 
the November harvest became intensified by the time of the April harvest, 
when the blades of the plants deficient in potassium had greater percentages 
of reducing sugars and lower percentages of sucrose than the controls, as 
shown in table VI. Inasmuch as the activity of invertase was greater in 
the plants receiving potassium than in those deprived of that element, it 
would seem that invertase aids in the synthesis of sucrose in the blades of 
sugar cane. 

In the stems of the plants harvested in April a distinction must be made 
between partial and complete starvation for potassium. The plants of 
series 2, which were only partially starved for potash, reacted the same 
way as the blades, having a higher percentage of reducing sugars and 
lower percentage of sucrose than the plants of series 1. The other plants 
were more severely affected, the percentages of reducing sugars, sucrose, 
and total sugars all being lower in series 3, 4, and 5 than in series 1. The 
activity of invertase was weaker in the plants starved for potash. The 
supply of dextrose, the essential source of energy for growth and life, was 
curtailed especially in the stems of series 4 and 5, both by the necrosis of 
the phloem which would interfere with the translocation of sugars from the 
blades to the stems, and by the weak activity of invertase which would de- 
crease the inversion of the sucrose already in the stems. 

The suggestion is therefore made that a deficiency in potassium in the 
sugar cane plant may interfere with the transformations between the 
hexoses and sucrose, both anabolic and catabolic, as well as with their trans- 
location. 

From the practical standpoint the object of the sugar planter is to ob- 
tain the plant which stores the most sucrose in the stems. Under field con- 
ditions it is unlikely that any plants as deficient in potassium as the plants 
of series 3, 4, and 5 would continue until harvest. Their weakened con- 
dition is so obvious that further applications of fertilizer would be made, 
or else they would probably die. The important distinction for the planter 
to make is between plants such as series 1 and 2, those plants which appear 
very much the same in color, size, and general condition but which show a 
difference in the amount of sucrose in the stems. The stems of series 2 
were higher in reducing sugars and lower in sucrose than those of series 1, 
and the activity of invertase in series 2 was weaker than that of series 1. 
If plants in the field similar to the plants of series 2 could be recognized 
in time and given the proper fertilizer, it seems possible that the activity 
of their invertase could be increased and so increase the amount of sucrose 
stored in the stems. 
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The relationship between potash fertilization and yield is obscure. VAN 
DEN Honert (50) found a low figure for Brix in variety P.O.J. 2878 defi- 
cient in potassium, but suggested that this might be caused by the fact that 
the suckers of the plants starved for potash were younger and less mature 
than the controls. As mentioned in the discussion of the first paper in this 
series (26), the results of some experiments have shown an increase in yield 
of sugar following the application of potash, others have shown no response, 
and still others have indicated a depressing effect, the last condition pos- 
sibly resulting from a depression in the absorption of phosphorus. It is 
evident that a delicate relationship exists. While it is by no means sug- 
gested that the only factor involved is the activity of invertase, yet the 
present results show that enzyme to be important, and it is felt that further 
attention should be paid to the activity of invertase in determining the 
effects of fertilizer applications and other cultural practices. This matter 
is discussed more fully below. 

For a complete understanding of the carbohydrate metabolism of potas- 
sium-deficient plants, certain fundamental principles should be determined. 
Is sucrose synthesized in the leaves by the enzyme invertase? Is sucrose 
merely a temporary storage product in the leaves, converted into hexoses 
before translocation to the stems, or is sucrose the main translocation form 
of sugar, or are both the hexoses and sucrose translocated? These questions 
being of general importance are summarized in textbooks of plant physi- 
ology. The investigations with sugar cane have been discussed by Vis- 
WANATH (52), who concluded that the bulk of evidence seems to favor the 
view that sucrose is built up in the stem from reducing sugars sent into it 
by the leaf. Grrrtics (19), however, is of the opinion that sucrose, dex- 
trose, and levulose are all continuously supplied by the leaf. 

The writer is now conducting studies on these points and the results will 
be reported later. In the meantime it would seem that the present studies 
offer indirect evidence that sucrose in the sugar cane plant is synthesized by 
invertase, as already mentioned in a preliminary report (25). The blades 
of the plants deficient in potassium had the highest percentage of reducing 
sugars and lowest percentage of sucrose, and they also had the weakest 
activity of invertase. Since the percentage of total sugars remained about 
the same in the blades, it would seem that this is evidence of a derangement 
in the forms of sugars rather than a difference caused by some other factor, 
such as photosynthesis or protein formation. Interference with transloca- 
tion may have affected the results in the material harvested in April, since 
both sucrose and hexoses were low in the stems of the plants deficient in 
potash, with the exception of the plants of series 2. If the action of in- 
vertase is only hydrolytic, then what is the explanation of the greater per- 
centage of reducing sugars and lower percentage of sucrose in the plants 
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which had the weakest invertase activity? Further evidence of the im- 
portance of invertase in the synthesis of sucrose is found in the supple- 
mentary experiment using variety P.O.J. 2878, described earlier in this 
paper. Millable cane may be divided into two physiologically different 
regions: the green leaf cane (or that portion which bears green leaves) 
and the dry leaf cane (the part bearing dry leaves or none). It is in the 
green leaf portion of the stem that the most active storage of sucrose occurs, 
although some additional storage takes place in the dry leaf cane. As 
shown in table XII, the invertase activity of the green leaf cane was found 
to be double that of the dry leaf cane. The invertase of the blades was 
found to be equal in activity to that of the green leaf cane. It is evident 
that wherever sucrose is actively formed or stored, the activity of invertase 
is strong, whereas where the process of storage is practically completed, in- 
vertase decreases in activity. 

The question of the accumulation of carbohydrates in plants deficient 
in potassium may next be considered. This has already been discussed with 
references to the literature in an earlier paper (24) and also by NiGHTIN- 
GALE (37). In the present study no evidence of carbohydrate accumulation 
was obtained. In the blades the total sugars were about the same in all five 
groups, while in the stems of the plants harvested in April there was a 
positive correlation between the amount of potassium supplied and the 
percentage of total sugars formed. As pointed out by NIGHTINGALE, the 
accumulation of carbohydrates may be an early condition in plants deficient 
in potassium, disappearing later. Inasmuch as the plants of the present 
study grew so much more rapidly than those of the former investigation, it 
may be that at the time of the first harvest the period of carbohydrate ac- 
cumulation had already passed, if any occurred at all. 

It has been shown so far that the utilization of potassium by the sugar 
eane plant involves the synthesis and translocation of both proteins and 
carbohydrates. Potassium may affect the synthesis of proteins through its 
effect on the enzyme peptase, as shown previously (24). Potassium affects 
the transformations of the sugars through its effect on invertase. The ques- 
tion of how potassium affects invertase may next be considered. 

Various possibilities suggest themselves as to how potassium affects the 
activity of invertase: (1) the relationship may be direct, through its enter- 
ing into the chemical composition of the enzyme, or through its effect as a 
specific activator; (2) it may be indirect, regulating the hydrogen ion con- 
centration, or the buffer system ; (3) it may be antagonistic, in offsetting the 
effects of inhibitory factors. In a previous report (24) the importance of 
potassium in the formation of invertase was stressed ; those tests, however, 
were all unbuffered. Inasmuch as the activity of invertase in all the blades 
was equalized at the optimum reaction, it is now felt that potassium is not 
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essential for the formation of invertase. Because of the equalization of ac- 
tivity at the optimum reaction, it might be concluded that the differences 
in invertase activity in the blades are due solely to differences in hydrogen 
ion concentration. This is erroneous since, as shown in table IX, the blades 
of series 4 and 5 had equal invertase activity when tested unbuffered but 
differed in reaction; while those of series 3 and 4 had the same reaction 
but differed in activity. Regarding the possibility of there being differences 
in the buffer systems, this matter was considered, and it will be seen from 
figure 1 that little if any difference was found to exist. The suggestion that 
potassium may offset the effects of inhibitory factors, particularly salt con- 
stituents, deserves consideration since, as shown by Fates and NeEtson (14), 
the addition of sodium chloride had practically no effect on the velocity of 
the hydrolysis of sucrose by yeast sucrase at the optimum reaction; but at 
all other reactions the salt inhibited the action of the enzyme. The greater 
ash content of the potassium-deficient plants harvested in November might 
inhibit invertase, but this explanation could not apply to the April material, 
because in that harvest the plants of series 1 and 2 had the greatest ash 
content. 

Thus either there was some undetermined inhibitory factor, or potas- 
sium is a specific activator for invertase in sugar cane, in which latter case 
the addition of potassium to the enzyme tests should result in increasing 
the invertase activity; and equalizing the potassium in material from 
potassium-deficient and control plants should result in approximately 
equalizing the activity of invertase. Such an experiment was conducted, 
the results of which are given in table X. Enough potassium dihydrogen 
phosphate was added to the stem material of series 5 to equalize the potas- 
sium in series 1 and 5, and sodium dihydrogen phosphate was added to series 
1 to maintain such conditions as hydrogen ion and osmotic concentrations. 
The test was conducted at pH 4.4. It was found that the addition of 
potassium to series 5 did not make the activity equal to that of series 1, 
but did increase it somewhat. As already mentioned, when tested unbuf- 
fered, the stem material of series 1 was 2.78 times as active as that of 
series 5; but when potassium was equalized at the optimum reaction, series 
1 was only 1.31 times as active as series 5 (averages of all tests). Since 
the addition of sodium phosphate to series 1 did not increase the activity, 
while the potassium phosphate did activate the invertase of series 5, it 
would seem that potassium is a specific accelerator for the enzyme inver- 
tase. If this is true for other plants which store sucrose then it may help 
to explain the statement of Cotin and Bmuon (9) that potassium plays a 
direct réle in the formation of sucrose in beets. 

The preceding discussion shows that the invertase of stems is affected 
more severely by potassium deficiency than is that of blades. The differ- 
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ence between the extremes is much greater in the stems than in the blades 
(table VIII), and the activity in the blades is equalized at the optimum 
reaction while that in the stems is not. Although a possible explanation 
is the higher percentage of potassium in the blades than in the stems, as 
shown in table XVI of the first paper in this series (26), yet the subject is 
too complex to permit complete understanding at the present time. 

The accelerating effect of potassium may help to explain the differences 
in invertase activity in the green leaf cane as compared with that in the 
dry leaf cane. Table XII shows that the activity in the green leaf cane is 
double that of the dry leaf cane. Analyses performed by the Chemistry 
Department of this Station have shown that the percentage of potassium 
increases from the bottom to the top of the stalk. While other factors 
undoubtedly contribute to the differences in the activity of invertase in 
various parts of the stalk, it is suggested that the differences in percentage 
of potassium are important. Further studies along these lines are now 
under way. 

Certain data in table VIII require discussion at this point. There it 
will be seen that the invertase of the stems of series 2, April material, is less 
active than that of series 1 or 3, whether buffered or not. This puzzled 
the writer until the distinction between green and dry leaf cane became 
apparent. The plants of series 1 and 2 were very much larger than the 
others and consequently had considerably more dry leaf cane. Inasmuch 
as the entire sticks were compounded, the weak invertase of the dry leaf 
cane would naturally decrease the figures for the entire stalk. This may 
also explain why the activity of the stems of the controls is so much less 
in the April than in the November harvest, there being considerably more 
dry leaf cane in April than in November. The distribution of invertase 
throughout the cane plant is now being studied and will be reported in a 
later contribution. 

The sensitivity of the invertase of yeast to hydrogen ion concentration 
is well known and has been discussed by Fauk (15). The data presented 
in table VII show that the invertase of sugar cane is similarly affected, 
having in these plants an optimum reaction very close to that of the inver- 
tase of yeast. The effect of hydrogen ion concentration upon the activity 
of invertase differs from its direct effect upon inversion: in the former case 
there is a definite optimum around pH 4.4, the activity falling off at other 
reactions; in the latter case inversion increases with increasing acidity as 
far as has been tested. The significance of this situation has been examined 
by Fax, who suggests that the hydrogen ion and the enzyme may attack 
sucrose differently. 

The hydrogen ion concentration of the expressed sap of the blades and 
stems of the plants harvested December 4 was pH 5.2 to 5.3 (table I), while 
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the optimum reaction for the invertase of the plants harvested November 
20 was pH 4 to 4.4 (table VII). The question arises as to the effect of the 
hydrogen ion concentration of the expressed sap of cane upon the quality 
of the juice. In Trinidad, FotueTt-SmirH (18) found the sap of cane 
leaves to be pH 5.1-5.3. So far as the writer is aware, these are the first 
determinations to be made in Hawaii of the hydrogen ion concentration of 
the expressed sap of sugar cane. It is therefore impossible at present to 
compare these results with others in Hawaii. Some data are available for 
the reaction of crusher juices at the Honolulu Plantation Company, where 
the average of 50 determinations is pH 5.17 for crusher juice and pH 5.29 
for mixed juice. Although these figures are close to those obtained in the 
present study, probably little value should be assigned to them in this 
connection for two reasons: (1) the crusher juice is contaminated with soil 
and fertilizers; and (2) the crusher juice is composed largely of the juice 
from dry leaf cane, which may or may not have the same reaction as green 
leaf cane. There is need, therefore, for further studies concerning the 
hydrogen ion concentration of the expressed sap, invertase activity, and 
juice quality. Several questions arise. Is the optimum reaction for the 
formation of sucrose the same as the optimum for the analytic activity of 
invertase? If the synthesis of sucrose is as sensitive to reaction as the 
activity of invertase is shown to be in this paper, which seems likely from 
the work of Opartn and Kurssanow (39), then studies should be made 
of the possibility of controlling the hydrogen ion concentration of the cell 
sap of sugar cane. : 

The invertase studies reported here show that the following factors 
affect its activity: potassium, hydrogen ion concentration, and location in 
the plant. Inasmuch as enzymes are very sensitive to conditions, it seems 
likely that many other climatic and edaphic factors may affect its activity. 
The evidence presented in this paper would seem to indicate that invertase 
in the sugar cane plant synthesizes sucrose, and that where invertase is 
most active the greater synthesis of sucrose occurs. For the past 20 years 
the increase in sugar percentage within the cane plant has not been com- 
mensurate with the increase in the applications of fertilizers, although the 
increase in the total sugar produced per acre has been large because of the 
greater size of the plants, a point which has been discussed by Martin 
and McCurery (35). An important problem in the sugar industry today, 
therefore, is the improvement of the quality of the juices. Juice quality 
is known to be affected by weather, fertilizers, etc., but the mechanism is 
not fully understood. It would seem that both external and internal fac- 
tors may affect the activity of invertase and that a study of these may aid 
in controlling the production of sugar. Such studies are now under way. 
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Another important effect of potassium deficiency in sugar cane is the 
inerease in the activity of amylase. <A relationship between potassium con- 
tent and amylase activity has been suggested by several investigators. 
Rospins (42) studied the secretion of diastase by Penicillium camembertu 
and concluded that there was no relationship between potassium and dias- 
tase formation. ENauis and Lunt (13) reported on the diastatie activity 
of the nasturtium; they found that the activity of diastase decreased with 
increased potassium in sand, but in peat the medium application of potas- 
sium gave the highest activity. Dopy and Hipparp (10,11) found in- 
creased diastase activity in sugar beet plants deprived of potash. JAMES 
(28), from his studies of the effect of potassium upon photosynthetic effi- 
ciency in the potato, postulates that potassium increases the activity of 
diastase. Although for other plants the results are not always in agree- 
ment, a more active amylase in potassium-deficient plants seems now to be 
well established for sugar cane, since the present results are in accord with 
the former (24). 

For the sake of clarity, most of the discussion of the amylase determina- 
tions was incorporated with the presentation of results and the reader is 
referred to that section at this point. The following possibilities arose as 
explanations of the increased amylase activity in the potassium-deficient 
plants: the quantitative regulation of amylase production by sugars; the 
stimulating effect of phosphorus; a direct regulatory or protective effect 
exerted by potassium. Certain theories almost certainly disproved were 
mentioned in the results and will not be repeated here. 

Although some evidence was obtained in favor of the theory of the 
quantitative regulation of enzyme production by the substrate, that 
theory is not of general application in the present study because of 
the negative relationship between the amylase activity and percentage of 
reducing sugars in the stems of the plants harvested in April, whereas the 
correlation should be positive to uphold the theory. 

The greater amounts of phosphorus in the potassium-deficient plants 
may play a role in their amylase activity, since in both the November and 
April material the largest amounts of phosphorus occurred in the plants 
deficient in potash, as shown in tables XV and XVI of the first report in 
this series (26). The correlation between phosphorus content and amylase 
activity is not perfect, however, and the equalization of the phosphorus in 
the blades of the November and April material did not result in equal 
activity of amylase. It is interesting, on the other hand, that the amylase 
of the potassium-deficient plants was activated by the addition of more 
phosphorus, while that of the control was not. The plants deficient in 
potassium contained more phosphorus and their amylase was more readily 
activated by phosphorus. This is indeed an important factor. 
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On the whole the evidence at hand seems to favor most strongly the idea 
that potassium acts as a regulator or protector of the enzyme amylase. 
It must be considered that the activity in the control plants is ‘‘normal’’ 
while that in the plants deficient in potassium is ‘‘abnormal.’’ The 
suggestion of Goopwin and Hanaer (20) is pertinent, that amylase 
is a negatively charged ion. If so, it might readily unite with the posi- 
tively charged potassium ion and this might explain the dialysis results. 
Dialyzing one day might remove the inorganic activators and thus decrease 
activity, but further dialysis (3 days) might cause or allow the amylase- 
potassium compound to dissociate, the potassium going through the mem- 
brane, leaving the amylase unprotected and thus more active. Possibly the 
negatively charged amylase is more readily hydrated than the amylase- 
potassium compound, since the charging of proteins is known to run 
parallel with hydration. This might aid in the digestion of starch, the first 
step of which is hydration. Further evidence of the protective effect of 
potassium is found in the fact that the amylase activity of the potassium- 
deficient plants was more readily activated by phosphorus than was that 
of the controls. Dopy and Hissarp (10,11) also found that the diastase 
of sugar beets deficient in potassium was activated by salts more readily 
than that of beets supplied with an adequate amount of potash. There is 
a negative relationship between potassium and amylase in both the blades 
and the stems of the material harvested in November as well as in April 
(table XV). Changing representative plants from solutions lacking potas- 
sium to the control solution in January resulted in a decrease in their amy- 
lase activity (table XIV). In short, the evidence points to the view that 
one function of potassium in the sugar cane plant is the regulation or ‘‘pro- 
tection’’ of the enzyme amylase. Leaf diastase is supposed to consist of an 
inactive pro-enzyme and an activating co-enzyme, according to WAKSMAN 
and Davison (53). Possibly potassium exerts a protective action on the 
pro-enzyme, thus preventing its activation by the co-enzyme or other ac- 
celerators. 

The condensations of dextrose in the formation of dextrins and starch 
tie up the sugar in undesirable forms which may result in decreasing the 
yield of sucrose. Starch occurs in cane as a temporary storage product in 
the starch sheaths of the leaves. This starch is probably for the most part 
digested to sugar and translocated to the stems and stored as sucrose, in the 
ordinary course of events. In certain varieties, however, a deposition of 
starch occurs in the stems, particularly in the nodes. This is especially 
true of Uba canes, a condition which has been studied by FEumLHERADE (16, 
17), Happon (23), von Stimauitz (44), and WELLER (54). One is led to won- 
der whether the amylase activity of Uba is different from that of other va- 
rieties. 
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The production of too much starch and the like in cane is undesirable 
not only because of the utilization of dextrose which should go to the 
formation of sucrose, but also because the presence of certain gums, dex- 
trins, and other higher carbohydrates in the juices leads to difficulties in 
the process of clarification, as brought out by FEUILHERADE and STIEGLITZ. 

Amylase and invertase differ in several respects and a consideration of 
these differences is interesting. Amylase was more active in the potassium- 
deficient plants whereas invertase was less active. Amylase was found to 
be much less sensitive to hydrogen ion concentration than was invertase. 
Invertase was activated by potassium but not by sodium, whereas amylase 
was activated by everything tested. The two enzymes behaved similarly in 
that both were more readily activated in the potassium-deficient plants than 
in the controls. 


ROLE OF POTASSIUM 


The question of the rdle of potassium in the nutrition of plants has in- 
terested plant physiologists for years, and men have sought to assign one 
particular function to the element, e.g., photosynthesis, protein synthesis, 
translocation, or others. The research of recent years, (3, 21, 24 and 26, 28 
and 29, 37, and others) has shown that the problem is not so simple, but 
that potassium probably affects directly or indirectly many if not all of the 
cellular activities of plants. Thus the present studies show that sugar cane 


plants deficient in potassium may develop the following characteristics : low 
percentage of moisture; high total ash content when young, followed later 
by low ash percentage; high percentages of calcium, magnesium, phos- 
phorus, and iron at certain ages; derangements in the synthesis and trans- 
location of proteins and sugars; phloem necrosis; accumulations of iron at 
the nodes; weak activity of invertase; and strong amylase activity. Un- 
doubtedly other derangements occur. The total result of these conditions 
is the cessation of growth of the entire plant, discoloration of the leaves, and 
dieback of the leaf tips, usually mentioned as the symptoms of potash star- 
vation. The writer is still of the opinion that these derangements are con- 
eatenated, as proposed previously (24). One of the earliest occurrences in 
potassium starvation is the increased absorption of other ash constituents, 
notably phosphorus, calcium, and magnesium, which may enter the plant 
more readily in the absence of the more mobile potassium. Because en- 
zymes are sensitive to conditions, being readily activated and inactivated, 
they are soon affected by the lack of potassium. Amylase, not being pro- 
tected by potassium, is more readily activated by the greater amount of 
phosphorus, which may cause the accumulation of starch which has been 
found in some plants. Invertase, peptase, reducase, and probably other 
enzymes either fail to develop or lose their activity. In the present study 
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invertase activity was weak, possibly due to the lack of activation by potas- 
sium. The weak activity of invertase led to derangements in the transfor- 
mations between the reducing sugars and sucrose. Derangements in the 
formation of proteins were also found. The greater amount of iron which 
entered the potassium-deficient plants accumulated at the nodes, possibly 
because of a more sluggish transpiration stream. Necrosis of the phloem, 
which oceurred probably both because of the accumulations of iron and be- 
cause of the derangements in the synthesis of proteins, led to a decrease in 
the translocation of both sugars and nitrogenous compounds. This eventu- 
ally caused the stems to be low in reducing sugars, sucrose, total and amino 
nitrogen. The decrease in the absorption of ash constituents found at the 
end of the experiment was only to be expected, the poor absorbing capacity 
of the roots being shown by their weak and discolored condition. Prob- 
ably all of these factors contributed to the development of the exter- 
nal symptoms. 

The properties of potassium by which it functions are probably not one 
but several. ANDRE and Demoussy (1, 2) have stressed its mobility which, 
as was shown in the first paper of this series (26), may help explain its 
migration out of the dying leaves. Also the decrease of the mobile potas- 
sium may cause the increase in the absorption of other ash constituents. 
The suggestion of Lors (33) that the selective absorption of potassium by 
plants is due to its being built up into complex compounds has been dis- 
proved by KostytscHEW and E.iAsBere (32), who found that potassium could 
be extracted in toto by water. 

Loew (34) found that potassium has special condensing abilities which 
sodium lacks. Considerable work has been done by SToOKLASA and co- 
workers (45-49) as well as by ZWAARDEMAKER (56) to show that the radio- 
active properties of potassium are important physiologically, whereas 
BuRKSER, BRUN, and BronstTeEIN (7) found no evidence of bioradio-activity 
in the plants they studied. 

The writer cannot subscribe to the suggestion that the photoelectric 
effect of potassium is of physiological significance, as recently proposed by 
Bruno (6) and Jacos (27). Although it is true that potassium is one of 
the few elements which exhibits the photoelectric effect in ordinary daylight 
and that it is slightly photoelectric even at 700 py (41) (thus throughout the 
region of the spectrum which is chiefly absorbed by plants and where photo- 
synthesis occurs), yet a serious difficulty prevents this from being of signifi- 
cance in the physiology of plants. In order for potassium to exhibit the 
photoelectric effect in plants it is essential that some of the element be pres- 
ent in colloidal metallic form, because it is the valenee electrons which are 
emitted in the photoelectric effect. If these are already oxidized in a bond 
with an acid radical none will be free to be emitted photoelectrically. Be- 
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cause all parts of plants contain water in which potassium readily oxidizes, 
the presence of colloidal metallic potassium in plants seems impossible. 

Unless some way is found of surmounting this difficulty, it appears that 
the photoelectric properties of potassium cannot be used in explaining its 
physiological activities in plants. The fact that symptoms of potash defi- 
ciency develop in bright light more quickly than in dim light (26) may be 
just a question of limiting factors. 

Because of its mobility, its special condensing properties, its radioactiv- 
ity, and probably also other properties, it seems likely that potassium affects 
either directly or indirectly most of the activities of plants, and it is at 
present impossible to assign one particular process as the special role of 
potassium in the physiology of plants. 


Summary 


1. This paper reports the results of determinations of the enzymes in- 
vertase, amylase, and ereptase ; analyses of total and amino nitrogen, reduc- 
ing sugars and sucrose; and certain physico-chemical determinations of the 
juices expressed from the leaves, stems, and roots of sugar cane plants sup- 
plied with varying amounts of potassium. 

2. Very little difference was found between the hydrogen ion conecentra- 
tion, titratable acidity, and buffer systems of the expressed juices of the 
controls and the plants deficient in potassium. 

3. The effect of potassium deficiency upon the relative amounts of pro- 
tein and amino nitrogen in the plants varied with their age. 

4. Two months after starting the plants in the nutrient solutions there 
was a higher percentage of amino nitrogen and a lower percentage of pro- 
tein nitrogen in the blades and the stems of the plants starved for potas- 
sium than in the controls. 

5. Seven months after starting the plants in the nutrient solutions 
higher percentages of amino, protein, and total nitrogen were found in the 
blades of the potassium-deficient plants, while in the stems the opposite re- 
lationship was found to occur. 

6. The conclusion is drawn that both the synthesis and the translocation 
of proteins are diminished by potash starvation. 

7. The curtailment in the synthesis of proteins was found to occur after 
the formation of amino acids rather than before, indicating that in these 
plants the reduction of nitrates proceeded as usual. 

8. The suggestion is made that the interference with the translocation 
of proteins and carbohydrates is caused by a necrosis of the phloem. 

9. The blades of the plants deficient in potassium contained higher per- 
centages of reducing sugars and lower percentages of sucrose than the con- 
trols. The percentages of total sugars in the blades remained about the 
same. 
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10. The relationships between the sugars in the stems depended upon 
the degree of potassium deficiency. The stems of the plants partially 
starved for potassium (series 2) contained higher percentages of reducing 
sugars and lower percentages of sucrose than the controls; while the stems 
of the plants more completely deprived of potassium (series 4 and 5) were 
very low in reducing sugars as well as sucrose. There was a positive cor- 
relation between the amount of potassium supplied and the total sugar 
stored. 

11. The conclusion is drawn that potassium deficiency results in de- 
rangements in the transformations between the hexoses and sucrose, as well 
as in curtailment of their translocation. 

12. No evidence of the accumulation of carbohydrates in the plants defi- 
cient in potassium was obtained in this study. 

13. The optimum reaction for the activity of invertase in the blades and 
the stems was found to be around pH 4.4. 

14. The invertase activity of the plants deficient in potassium was 
weaker than that of the controls, in both blades and stems, when tested un- 
buffered. The invertase activity in stems was affected more severely by 
potassium deficiency than that in blades. 

15. When tested at the optimum reaction, the invertase activity was 
equal in all the blades. The activity in the stems was not equal at the opti- 
mum reaction, although the difference between the extremes was less than 
when tested unbuffered. 

16. Because the invertase activity in all the blades was equalized at the 
optimum reaction, it seemed that potassium is not essential for the formation 
of invertase. 

17. Because the addition of potassium phosphate to the stem material of 
series 5 increased the activity of invertase while the addition of sodium 
phosphate to series 1 had no effect, it is concluded that potassium is a spe- 
cific activator for invertase in sugar cane. 

18. In a supplementary experiment, in which variety P.O.J. 2878 was 
used, the invertase activity of the green leaf portion of the stalk was double 
that of the dry leaf cane. 

19. These studies offer indirect evidence that sucrose in the sugar cane 
plant is synthesized by invertase. 

20. The suggestion is made that determinations of the activity of inver- 
tase might aid in distinguishing between plants in the field which, like the 
plants of series 1 and 2, are very much the same in color, size, and general 
condition but which show a difference in the amount of sucrose in the stems. 

21. The optimum reaction for the amylase of blades was found to be pH 
5.9. The amylase of stems seemed not to be much affected by the hydrogen 
ion concentration. 
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22. Amylase activity was greater in the plants deficient in potassium 
than in the controls, in both blades and stems. 

23. Studies were made of the effects of potassium, phosphorus, calcium, 
magnesium, dialysis, and sugars upon the activity of amylase. 

24. Several possible causes of the increased activity of amylase in the 
plants deficient in potassium are examined and the conclusion is suggested 
that potassium deficiency removes the protective action of potassium from 
amylase, thus allowing the enzyme to be activated more readily by phos- 
phorus, which is present in potassium-deficient plants in greater amounts 
than in the plants supplied with an adequate amount of potash. 

25. The increased activity of amylase in the plants starved for potash is 
an undesirable characteristic because under the conditions of condensation 
in the stems it might lead to the formation of starch. This is undesirable 
both because of the utilization of dextrose which should go to the formation 
of sucrose and because the presence of dextrins and certain other higher 
carbohydrates in the juices leads to difficulties in the process of clarifica- 
tion. 

26. The optimum reaction for the activity of ereptase in the blades and 
roots was pH 4.9, and in stems, pH 5.9. 

27. Potassium seemed to have no effect upon the activity of ereptase, 
with the exception of the roots, in which the greater activity occurred in the 
plants deficient in potassium. 

28. Attempts were made at several reactions to determine the activity 
of peptase, using the carmine fibrin method of GriiTzNer and the titration 
method of WILLSTATTER and WaLpscHMIDT-LEITz. No peptase activity was 
detected. 

29. The writer is still of the opinion that the derangements in the 
physiology of sugar cane deficient in potassium are concatenated, as pro- 
posed previously. An outline of the concatenation of these derangements 
is suggested. 

30. The properties of potassium by which it functions are considered. 
Regarding the suggestions recently appearing in the literature that the 
photoelectric properties of potassium may be of physiological importance in 
plants, the difficulty is pointed out that this would require the presence of 
colloidal metallic potassium in plants, whereas the universal distribution of 
water in plant tissues would render this impossible owing to the ready oxi- 
dation of potassium. 

31. It seems likely that potassium affects either directly or indirectly 
most of the activities of plants, and it is at present impossible to assign one 
particular process as the special rdle of potassium in the physiology 
of plants. 


EXPERIMENT STATION, H. S. P. A. 
Hono.vtv, T. H. 
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GERMINATION OF THE RED SPRUCE 


HENRY IvES BALDWIN 


(WITH FOURTEEN FIGURES) 


Introduction 


Since forestry first became a subject for discussion in northeastern 
America, no problem has received attention longer, nor so frequently, as 
the question of the natural reproduction of the spruce and fir forests of the 
northeastern United States and southeastern Canada. Interest was early 
drawn to it by the pioneer forestry work of Girrorp PincHot and Henry S. 
GRAVES in the Adirondacks in 1895-1896, and by the extraordinary growth 
of the paper and pulp industry based on the utilization of these forests. 
Until recently this utilization has continued at an ever-increasing rate, faster 
indeed than progress toward solving the problems of forest replacement. 

A great industry and the prosperity of a large section of northern New 
England and New York are dependent on the perpetuation of spruce and 
fir in the forest. While hardwoods are being pulped to some extent, and 
economic surveys point to a shift of some branches of the paper industry, 
like the lumber industry before it, to the south and Pacific northwest, yet 
for certain qualities of pulp New England spruce will doubtless always be 
preferable (8). Without the admixture of spruce and fir, the forests of 
northern hardwoods would have far less economic value and would lose much 
of their charm for the tourist, and the wooded mountain sides would be less 
effective regulators of stream flow. 

In the 35 years since spruce reproduction was first studied systematically 
in this country, knowledge of the factors affecting it has increased slowly. 
Our understanding of the spruce-fir forest environment is vastly greater, but 
little has been published on the germination of red spruce (Picea rubra 
Link.). A study of natural reproduction by seed should start with con- 
sideration of the seed. With few exceptions this has not been done. With- 
out a thorough knowledge of the seeding habits of the species and of the 
behavior of the seed, as influenced by various environmental factors, how- 
ever, a true understanding of the phenomena of establishment cannot be ac- 
quired. Only when the most favorable conditions for germination are 
known can the silviculturist plan cutting methods best calculated to secure 
these conditions. 

The investigations reported here are studies of seed behavior. They do 
not attempt to go beyond the germination process itself. It must be con- 
ceded, however, that the success of spruce reproduction is often as much or 
more dependent on factors affeeting survival during the critical first months 
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following germination, or even during the first few years, than upon 
germination itself. It is planned to deal with the survival and establish- 
ment of seedlings more fully in a later publication. 


Historical survey 


The literature on seed germination is so extensive that the present review 
is restricted chiefly to that concerning red spruce. Korstian (30) has 
recently reviewed the literature on seeds of broad-leaved trees; Haasis (19) 
has dealt with the special subject of temperature coefficients of the germina- 
tion of coniferous seeds; and JosepH (24) and Barton (5, 6) have pointed 
out the importance of after-ripening in many arborescent species. Finally, 
ToumeEy and Stevens (58), Scumipt (49), and Toumey and KorstTIAN 
(56) have brought together much of the existent information on forest tree 
seed. 

Careful accounts of the germination of red spruce seeds under natural 
or artificial conditions are comparatively scarce, and for the most part, 
recent. The first observations appear to have been made in America. Many 
papers might be cited, few of which describe germination itself. PincHor 
(41) published the first silvicultural study of red spruce. He states that 
the seeds, ‘‘where there is light enough, germinate and grow easily on deep 
spruce or pine duff, and on heavy beds of moss, . . . a heavy matting of leaf 
litter . . . is less thoroughly adapted to their requirements.’’ Graves (18) 
makes a similar statement regarding germination. The ideas about the im- 
portance of light which prevailed at the beginning of the century have 
gradually changed as the decisive réle of soil moisture has become better 
appreciated. CHITTENDEN (13) believed red spruce seeds do not germinate 
as readily as those of balsam fir (Abies balsamea (l.) Mill.) and are more 
exacting in regard to seed bed. He recognized, however, that no special 
light intensity is required for germination. Murruy (35) compared the 
establishment of the two species in detail. He stressed the fall germination 
of spruce as a factor placing it at a disadvantage with fir. During the 
autumn he believed the soil moisture and other factors to be less favorable 
for the germination of spruce in the open than in the forest. Assuming 
that the chief seed distribution in the open occurred later in the winter, he 
concluded that the percentage of spruce seed which would lie over for spring 
germination would be greater in the open than in the forest. In a later 
publication (36) he emphasized the importance of soil moisture in controll- 
ing germination. The heavy mat of hardwood leaves under hardwood stands 
often prevents the seed from reaching moist soil, or, germination having 
taken place, the seedlings are unable to emerge, and succumb to mold under 
the poorly aerated mulch. A similar explanation was given by Murpnuy and 
Zon (387). 
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Moore (32) experimented to determine whether red spruce seeds re- 
mained alive when stored in the duff. He transferred flats of undisturbed 
humus, dug up in the dense forest, to an opening and watered them. Some 
seeds were sown in the corners of the flats. The results were inconclusive, 
since it was uncertain whether the seeds which germinated were ones stored 
naturally in the duff, or artificially sown. In another case (33) he grew 
seedlings of spruce and fir in flats filled with various soils. The spruce grew 
best in mild humus, but withstood high acidity better than fir. In a further 
study he states: ‘‘Germination occurs directly in the humus, contact with 
the mineral soil seeming unnecessary.’’ He considered hardwood leaves un- 
favorable, not only hindering penetration of the spruce roots, but also pre- 
venting the shoots from coming to the surface. He thought it probable 
that spruce seedlings germinated and grew between the leaves a certain dis- 
tance, but were unable to push through them. Westveutp (61, 62) has 
recently carried out experiments on seed-bed conditions for red spruce. 
Seed was sown in the fall on the undisturbed litter and on plots cleared of 
litter. On June 11 the following spring there was an abundance of spruce 
seedlings on the cleared plots, but none on the undisturbed litter. By fall, 
however, a number of spruce seedlings had appeared on the undisturbed 
plots as well as an increase of 75 per cent. on the cleared plots. This would 
seem to indicate that even after favorable conditions for after-ripening dur- 
ing the winter, there is considerable delay in the spring germination on 
litter. Judging from the promptness with which germination oceurs under 
optimum conditions with dry or after-ripened seed, it seems likely that these 
results were due to fluctuations in soil moisture, or that additional seed was 
shed during the summer. 

There is considerable scattered information on the size, quality, and 
germination of red spruce seed as the result of laboratory tests. Red spruce 
cones give about the same yield of seed as many other conifers. ToumMEy 
and Korst1an (56) give the average as 1.03—1.04 lb. clean seed per bushel of 
cones. Stetson (50) found an average of 8843 seeds per oz., or 3.06 gm. per 
1000 seeds. Rarn (42) gives 3.6 gm. per 1000 (only one sample tested). 
ToumeEy (58) gives the average number of clean seeds per pound as 131,400, 
or 3.16 gm. per 1000. JacoBseN (23) gives the following weights per 1000 
(in gm.): 

Highest 3.4 Lowest 2.8 Average 3.1 


Toumey and Korst1an (56) quote TmLotson (52) as finding 130,000 seeds 
per pound, and Bueut (11) 139,200 for North Carolina seed. There would 
thus appear to be a possibility of some difference in weight of seed in dif- 
ferent parts of the tree’s range. Ordinarily the heaviest seeds are borne in 
the more southerly parts of the range. 
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The same investigators give some scanty information on germination. 
SupworrTH (51) gives the germination of fresh seed as 60-70 per cent.; 
Stetson (50) obtained 25 per cent. with 1909 seed and FanreENBAcH (17) 
but 6 per cent with 1910 seed. Rarn (42) reported 31.7 per cent. in 30 days 
from one lot, and JACOBSEN (23) lists the average of three lots as: 

High 76 per cent. Low 68 per cent. Average 71 per cent. 
Her tests were continued 28 days on the JACOBSEN apparatus at 16—28° C. 
alternating temperature. Toumey (53) and Toumey and Korstian (56) 
give 54 per cent. as the average in soil tests. Murray (36) states that ‘‘50- 
90 per cent. of the seed are perfect, and of these 60-80 per cent germinate.”’ 

Few exact studies of the germination requirements for red spruce appear 
to have been made. Forestry and ecological literature abounds with general 
statements about the most favorable seed-bed, and with theories of the re- 
quirements for acidity or light. Observations of fall germination suggest 
that prolonged after-ripening is not required. Moisture seems to have been 
found the outstanding factor influencing germination. 


Investigation 


DESCRIPTION OF RED SPRUCE SEED 


Mature red spruce seeds are very dark brown, about 3 mm. long, with 
short broad wings rounded above the middle. The testa, or coat, consists of 
an outer crustaceous layer, dark brown and occasionally mottled or 
streaked, and an inner membraceous layer, pale chestnut brown and lus- 
trous. The pale yellow embryo is axile in a large fleshy endosperm. The 
number of cotyledons varies from four to seven. While slightly larger, the 
seeds of red spruce are often difficult to distinguish from those of black 
spruce (Picea mariana (Mill.) B.S.P.) and from white spruce (Picea glauca 
(Moench.) Voss) when the wings are lacking. Illustrations of the seeds are 
given by Sarcent (47). 


FACTORS AFFECTING GERMINATION 


The phenomenon known as germination consists of a renewal of activity 
of the embryo, much as the vegetative parts of a tree begin to grow again 
after a resting period. The criteria by which one judges whether germina- 
tion has taken place are largely arbitrary. Branpts (9) has suggested that 
germination be considered to take place when the first new cell divisions 
occur in the formative region of the root. Generally, however, emergence 
of the radicle or hypocotyl, so that it projects beyond the edge of the testa, 
is accepted as a criterion of germination. In soil tests emergence of the 
seedling above ground is so accepted. 

In the developing embryo, as in the branch bud, both external and in- 
ternal factors are operative in causing renewed activity. The internal fac- 
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tors are those inherent in the seed, or such causes as dormancy, size and 
weight of seed, age, degree of maturity, and hereditary characteristics. 
Crocker (14, 15) has classified the causes of dormancy, and shown that in 
some species delayed germination is occasioned by a dormant embryo; in 
others, by inhibitory seed coats or combinations of these factors. In seeds 
capable of immediate germination, external factors such as temperature, 
moisture supply, and oxygen supply are the chief controls of germination. 
Light is rarely of importance in the germination of tree seeds, and the 
greatest influence of solar radiation is in its effect on temperature and soil 
moisture, as shown by BorerKer (7). Soil acidity and carbon dioxide con- 
centration no doubt affect germination in nature, either directly or indi- 
rectly. Of the possible réle of microorganisms little is known. 


CHARACTER AND SCOPE OF INVESTIGATIONS 


The investigations undertaken consisted partly of field and partly of 
laboratory experiments. 

I, FIELD EXPERIMENTS.—The field work was begun as part of an investi- 
gative project for the Brown Company on the Cupsuptic Experimental Area 
in Adamstown, Maine, in the fall of 1924. Experiments were later con- 
tinued and augmented by plots established on the Dummer Experimental 
Area, Dummer, New Hampshire, in 1925, and on the Jerico Forest, near 
Berlin, New Hampshire, in 1926. These experiments were planned and 
executed with the following objectives : 

1. To determine the rate of germination and survival of spruce under 
different soil conditions. A large number of small seed plots were prepared 
and sown with spruce seed. Some were covered with spruce branches, some 
with wire cages to exclude birds and animals, and some were left open and 
unprotected. Germination and survival data were obtained by counts at 
intervals. A brief summary of these results is given only in so far as they 
touch upon the present problem. 

2. To determine the rate of establishment of natural spruce reproduc- 
tion on quadrats subjected to special treatment: 

(a) Exposure of quadrats denuded of humus, herbaceous and woody 
shrubs, or by combinations of all these treatments. 

(b) Comparison of trenched and untrenched quadrats to demon- 
strate the influence of competition for soil moisture and nutrients. 

3. To determine the length of retention of vitality of seed stored in the 
duff by: 

(a) Testing seeds taken from duff samples under various conditions 
of site and forest type. 

(b) Testing seeds stored under cages in insect-proof copper wire 
boxes buried in the duff on various sites. 
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II. LaBoraTorY EXPERIMENTS.—The laboratory work comprised the fol- 
lowing experiments on red spruce germination under controlled conditions, 
so far as practical to attain, in order to determine the effect of the various 
factors on germination. Experiments were conducted on: 

1. The moisture and ash content of the seeds used in the experiments. 

. The average germinative energy of seeds stored for different periods. 
. Germination at different constant temperatures. 

. Moisture supply: relation of water absorption to germination. 

. Germination in light and darkness. 

After-ripening treatment. 

Oxygen supply: germination under water with and without aeration. 
. Germination in different hydrogen-ion concentrations. 


AAT wD 


fee) 


MATERIAL 


Red spruce seed collected in northern New Hampshire was used in these 
experiments. It was extracted at approximately 50° C., winged and cleaned 
dry at the Brown Co. Seed Extracting Plant at Berlin, New Hampshire. 
In the field work seed collected in 1924 and 1925 was used ; for the laboratory 
experiments seed of the 1927 and 1928 commerical collections was used. It 
was stored air-dry in sealed tins at approximately 15° C. until June, 1929, 
in the case of the 1927 seed, and October, 1929, in the case of the 1928 seed. 
From then until placed to germinate it was kept in tightly corked glass 
bottles at room temperature, or in a cellar at approximately 15° C. In some 
of the last tests similar seed from the 1929 crop was used. 

The 1927 lot was found to weigh 3.222 gm. per 1000 filled seeds. Empty 
seed weighed 37 per cent. as much as filled seed. The 1928 lot contained 7.8 
per cent. moisture, and the ash was 4.7 per cent. of the dry weight. In the 
laboratory work 70,000 counted seeds were used. Most experiments were 
run with eight duplicate samples of 100 seeds each, for each variable condi- 
tion. 


Experimental methods and results* 


I. FIELD EXPERIMENTS 

1. GERMINATION AND SURVIVAL ON SEED PLOTS.—In connection with direct 
seeding experiments, observations were made on germination and survival 
under various conditions of soil and cover. The experiments were made in 
1925 at Cupsuptie Lake, Maine, and in 1926, 1928, and 1929 at Berlin, New 
Hampshire. 

Plots about 30 em. square were prepared with a grub hoe by stripping 
off the sod or upper layers of humus. Seeds were sown and gently pressed 


1 Source tables are omitted on account of lack of space. They may be consulted in 
bound copies of the original manuscript on file in the Yale University Library. 
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into the soil, or at times lightly covered. In many cases 100 seeds were sown; 
in others, less. At the time of sowing, notes were taken on the character of 
the soil in each plot. Some plots were protected with spruce and fir 
branches, and about 60 with small wire cages to prevent molestation by birds 
and animals. Alternate plots were left unprotected. Each plot was de- 
signated by a small numbered stake to make relocation certain. Plots were 
examined and seedlings counted once or twice a year. In the different 
experiments about 1000 plots were studied. 

In all cases more seedlings were obtained under the wire cages, owing 
possibly to conservation of soil moisture by the sides of the cage as much as 
to protection from birds. In the later experiments about 100 per cent. more 
seedlings appeared in the protected plots than in the unprotected ones. 
Sand or mineral soil proved better than humus or rotted wood as a seed-bed, 
confirming previous conclusions by many observers of red spruce as well as 
those of Barr (4). Germination and survival were higher when the seed 
spots were protected by spruce boughs than when uncovered and exposed. 
These shaded the surface soil from direct sunlight and prevented loss of 
moisture, especially after the needles dropped off and formed a mat on the 
soil. It has been repeatedly shown that freshly germinated tree seedlings 
ean be killed by high surface soil temperature. The best seed-bed as indi- 
cated by these experiments would be found where moisture is available at all 
times, and where there is adequate protection against surface temperatures 
above 50° C. (Toumey and NEETHLING, 57.) 

2. NATURAL SEEDING AND ESTABLISHMENT AS RELATED TO SOIL CONDITIONS. 
—The results of natural seeding on denuded quadrats were rather disap- 
pointing, since very few seedlings appeared. This was attributed partly 
to the poor seed supply where the plots were located, and partly to the de- 
struction of seed by various agencies. 

In the fall of 1925 a plot two milacres in area under a fully stocked 
stand of mature red spruce in Dummer, New Hampshire, was trenched, 
severing all roots entering the plot to a depth of 0.5 m. Trenching was re- 
peated in 1926 and 1928. An adjacent untrenched plot was established 
asacontrol. Spruce and fir seedlings and other vegetation on the plots were 
mapped and photographed at intervals. New seedlings which germinated 
were designated by colored toothpicks. At the start the vegetation on the 
two plots was practically identical, but after two years the tree seedlings, 
herbs, and mosses were noticeably larger and more abundant on the trenched 
plot. It is not known whether each plot received the same quantity of seed, 
but germination and survival were much greater on the trenched plot, 
owing chiefly to the more abundant soil moisture. Mention is made of these 
plots by Toumey and Krennouz (55). 
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3. RETENTION OF VIABILITY BY SEED STORED IN DUFF OF FOREST FLOOR.— 
The rapid establishment of seedlings of some trees on recent cuttings or 
burns where there are no seed trees in the vicinity or when there has been 
no seed crop recently has led foresters to conclude that such reproduction 
arose from seed stored in the duff. Hormanwn reached this conclusion, since 
largely disproved in the case of Douglas fir by the investigations of Isaac 
(63) and Haia (20). Cary (12) states that seed stored in the duff must be 
relied upon for reproduction of Sitka spruce (Picea sitchensis (Bongard) 
Carriére) in Alaska. The possibility of spruce seed being stored in the 
duff in eastern forests has been suggested by Munioy (34) and others, but 
‘few definite experiments have been made. 

Two methods were used for investigating viability of seed stored in the 
duff. (a) Samples of duff were analyzed and germination tests applied to 
seed recovered. (b) Seeds of known germinative capacity were sown un- 
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Fig. 1. Germination of red spruce seed after storage in duff. Basis 3200 seeds. 


der the litter, or inclosed (thoroughly mixed with duff) in fine-mesh wire 
cages and buried in the duff. After remaining buried a known length of 
time, the cages were dug up and the seeds recovered and tested for germina- 
tion, in comparison with seeds of the same lot stored in the laboratory. The 
first method suffers from several objections: it is impossible to determine 
the age of the seed recovered ; it may be freshly fallen ; its original germina- 
tive capacity and hence its deterioration in storage are unknown. Results 
of duff sampling depend very largely upon the location, the proximity of 
seed trees, and the density of the local rodent and bird population, which 
might consume a considerable amount of the best seed. The second method 
overcomes some of the disadvantages of the first, while open to the objec- 
tion that the method of storage is slightly less natural. 

(a) Analysis of duff samples—The first samples were taken at Cup- 
suptic Lake in the summer of 1925 before the seed of the year was ripe. 
Later, samples were taken in the autumns of 1925 and 1926 in Dummer, 
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Fic. 2. JACOBSEN type germinator with front of case removed, showing also indi- 
vidual JACOBSEN germinators. 


New Hampshire. An area 30 em. square was laid out and a section 10 em. 
deep was cut and lifted out with a large machete. It was brought into the i9 
laboratory and dried for several weeks at room temperature in a tray 





Fig. 3. Individual JAcoBsEN germinators. 
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screened against rodents and insects. When thoroughly dry, the sample 
was rubbed through wire screens of progressively finer mesh until the seeds 
were caught. The seeds thus obtained were counted and tested for germina- 
tion. Duff samples from locations where seeds had been shed recently, as 
the cut-over sites at Cupsuptie Lake, contained abundant seeds, as shown in 
table I. All attempts to cause these seeds to germinate failed, however. Six 
samples of these seeds were submitted to the Boyce Thompson Institute for 
Plant Research for testing. From these only one seed germinated. Most of 
the others seemed to have been attacked by fungi (table IT). 


TABLE II 


TESTS OF SPRUCE SEED RECOVERED FROM DUFF SAMPLES* 








No. LIGHTER 
THAN WATER 
(OF SEEDS 
WITH 
EMBRYO) 


No. or | No. or | No. wirHout | No. wWItH 
SAMPLE | SEEDS EMRBYO EMBRYO 


No. HEAVIER | NO. GERMI- 
THAN WATER NATED 





i 
bo 


36 
74 
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oO 
me or or or bo bo 





* Tests made by Boyce Thompson Institute, January, 1926. All seeds except no. 2 
were heavily attacked with mold from the start. All seeds had the seed coat cut open 
in one place to examine for presence or absence of embryo. They were sterilized with 
0.25 per cent. uspulun for 5 minutes before being placed to germinate. 








(b) Burying seed samples.—In burying seed for subsequent digging up 
and examination, use was first made of frames 1 x 1.5 m. covered by 1 em. gal- 
vanized wire netting. These were pressed firmly down over the spots where 
the seeds were buried, and fastened rigidly to the ground by stakes nailed 
to the sides. Normal growth of ground vegetation was not interrupted. 
The seeds were buried in pockets about 5 em. beneath the surface, the duff 
being lifted with a knife for the purpose. About 500 seeds were placed 
in each pocket, and marked with a small stake. About 20 lots of seed were 
accommodated in each cage. The seed used was collected and extracted in 
the fall of 1925. Wings remained attached to the seeds. The cages were 
established in three different forest types in the fall of 1925. In 1926 
small copper gauze boxes containing a known number of seeds mixed with 
the duff were buried. With these it was possible to recover every seed 
buried. Whenever it was possible to visit the stations, temperatures in the 
duff were read from current thermometers permanently hung in wooden 
tubes. 
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TABLE III 
GERMINATION OF RED SPRUCE SEED STORED IN THE DUFF, 100 SEEDS PER SAMPLE. 
TESTS MADE ON THE JACOBSEN GERMINATOR AT 24° C, 








PERCENTAGE 
T- - 
TIME GERMINATED AFTER REMAIN GERMINA 
ING SOUND | TION CA- 
SEED PACITY 


SAMPLE | CHARACTER OF DUFF 
NO. WHERE BURIED BURIED 30 60 90 


DAYS DAYS DAYS 














months % % % 
Spruce raw humus 2.5 26 28 
ce ce sé 3 | 0 
cc ce ce 5.5 0 | 0 
ce cc ce 7 € 9 | | 44 
Beech- “maple lea es 6.5 | 0 
ce ce 11 | 0 
Balsam- Seana 
| ease : | 0 
Spruce raw humus é 
ce “ec ce 
Balsam-birch aspen 
litter 
Spruce raw humus 
‘é 
Balsam- eiadees 
litter reer 
Balsam-birch- -aspen 
litter 13 
Spruce raw humus 23 
Balsam-birch- — 
ter ............ 23 
Beech-maple ‘leaves 23 
Balsam-birch-aspen 
litter 24 
Spruce raw humus 33 0 
ce ce 33 0 
Beech-maple leaves 33 0 
ce sé “eé 33 | 0 
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Control samples of same lot. of seed, stored in laboratory, 
and germinated at same time as above 








Dry, in corked | | 
bottles. .............. 58 | 60 60 

Dry, in corked 
bottles .......... d 43 | 48 48 

Dry, in corked 
Dotties ................ mi | fe.) @& 

Dry, in corked 
bottles 

Dry, in corked 
bottles ........ 

Dry, in corked 
bottles 
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Better success attended these experiments. Samples removed from the 
duff were tested in the JACOBSEN germinator simultaneously with controls 
of the same lot of seed kept in air-tight containers in the laboratory. The 
results are shown in table III. The latter lot of seed lost little germinative 
energy during 25 months, while that stored in the duff decreased 50 per 
cent. in eight months and after 11.5 months gave only 1.7 per cent. as great 
germination as the control. In one case 8 per cent. germination was ob- 
tained after two years, but this was exceptional. In many eases seeds were 
found which had germinated in the duff. Where moisture was adequate, 
conditions were favorable for germination throughout the growing season, 
since the temperature was sufficiently high (table V), as will be shown 
later. Seeds which had after-ripened by storage during the winter were 
able to germinate at still lower temperatures. This tendency to germinate 
as soon as conditions became favorable probably explains why so few seeds 
remained dormant over summer. Hara (20) has recently reported the same 
phenomenon in western conifers. 


SUMMARY OF FIELD EXPERIMENTS 


From seed plot trials the importance of moisture conservation in the 
surface soil and of moisture availability was apparent. Germination was 
most successful on sand or mineral soil and under cover of spruce branches 
or needles. Similar results were observed on extensive trials of direct 


seeding, and on plots depending on natural seeding. The removal of root 
competition by trenching was followed by more abundant germination. 
Some spruce seeds remained viable in the duff about one year, but had 
deteriorated greatly in germinative capacity by that time. 


Il. LABORATORY EXPERIMENTS 


1. AVERAGE COURSE OF GERMINATION.—Seventy-six lots of red spruce seed 
tested during the years 1927-30 gave an average germination of 77 per cent. 
in 30 days for fresh seed and 62 per cent. in 30 days for 3-year-old seed. 
Tests were made in the JACOBSEN apparatus at a constant temperature of 
24° C. Figure 4 shows smoothed curves of the normal course of germina- 
tion after varying periods of dry storage in corked bottles at room tempera- 
ture. Fresh seed germinated more promptly and gave higher energy values 
at 30 days than seed which had been stored longer. In the stored seed, 
that 2-3 years old germinated slightly more promptly than that 1-2 years 
old. Final values were higher for the latter, however. The germinative 
energy in 30 days was found to decrease about 10 per cent. per year for 
the first three years. With increasing age there ensued a progressive de- 
crease in germinative energy, as well as in the final germination percentage 
and germinative capacity. Frequently the embryo and endosperm became 
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shriveled and nearly disappeared in old seed, giving rise to an apparent 
increase in the percentage of empty seed. By suitable recleaning, these , 
blind seeds can be eliminated, thus restoring to a lot of seed much of its” 
original germinative value. 

2. GERMINATION AT DIFFERENT CONSTANT TEMPERATURES.—Temperature 
affects seed in many ways. Summer heat affects the ripening of the seed, 
the heat (through its drying effect) influencing extraction from the cone, 
whether by natural or artificial means. Temperature is important while 
the seed is in dry storage or in the process of after-ripening in the soil, and 
finally, it is frequently a limiting factor in germination. 
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The following experiments were made to determine the temperature re- 
quirements for germination of red spruce. They were begun in March, 
1930, and extended over six months. 

Seeds of the 1928 crop were used, 800 for each temperature at which 
tests were made. They were counted out from the air-dry seed and set to 
germinate without treatment, except in a few cases. Containers for the 
seeds were prepared as follows: Petri dishes 10 em. in diameter were filled 
to a depth of 1 em. with pure quartz sand. These were covered with filter 
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papers fitting the dishes exactly. The dishes were then saturated with 
distilled water and the excess drained off by tipping the dish. Then 100 
seeds were laid on the filter paper and the dishes covered. Moisture was 
renewed at the time of counting the sprouted seeds. 

The seeds were germinated in a specially constructed series of Freas 
chambers at the following temperatures: 10°, 20°, 24°, 28°, 32°, and 38° C. 
The petri dishes were placed in stacks of four each, and at each counting 
the positions of the dishes in the stack were changed. The tests were ex- 
amined daily at the same hour, and the sprouted seeds removed, usually at 
two-day intervals. The seeds were kept in darkness except for 2-3 minutes 
at the time of each examination. Uniform temperatures were maintained 
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Fig. 5. Germination of red spruce at different temperatures, first series. Basis 800 
seeds each curve. 


except for the following fluctuations: On the 11th day the 28° chamber 
suffered a sharp drop in temperature, and after the 20th day ail chambers 
were brought to 20° for four days. At the expiration of this time the 
original temperatures were resumed and maintained until the 30th day. 
On the 25th day, no germination having occurred in the samples stored at 
10°, the samples were removed from the ovens to a cellar where they re- 
mained at approximately 20° C. in diffuse light until the tests were dis- 
continued. The fluctuations in temperature are shown graphically in 
figure 5. 

In May, 1930, a second series of tests was set up in the same ovens, 
using samples from the same lot of seed. The same germinating medium 
was used as in the first series, but in this case the petri dishes, complete 
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with sand, filter paper, and water, were autoclaved for 15 minutes at 20 lb. 
steam pressure and cooled to room temperature before inserting the seed. 
In this experiment all samples were examined, and sprouted seeds removed 
and recorded daily at the same hour. Temperatures in the chambers were 
read to 0.1° C. at each examination. During this second series two changes 
in the uniformity of the temperature occurred, one for six hours on the 
fourth day, and again for an equal period on the eighth day. In addition, 
the temperature in the 26° chamber rose to 32° C. for a period of unknown 
length on the thirteenth day. The temperatures maintained (except as 
just noted) were 10°, 15°, 18°, 20°, 24°, and 26° C. 

The summarized results are shown in table V and figures 5-7. In the 
first series the samples at temperatures of 20° and 24° were the only ones 
displaying a normal course of germination. No germination whatever oc- 
eurred at 10° or at 38° C. At 28° C. the inhibiting effect of high tempera- 
ture was already very marked, and satisfactory germination began only after 
the drop in temperature on the eleventh day already mentioned. When the 
ovens were shut down and the temperature in this compartment fell, germina- 
tion was completed normally. The same was also true of the samples at 32° C. 
The seeds exposed to 38° C. were probably killed after a short period, since a 
subsequent drop in temperature did not induce germination. In the case of 
the low temperatures, 10° C. was below the minimum for germination. In 
neither of the series did germination occur at 10° C. during the period of the 
tests (20-30 days). In the second series, four samples which had been after- 
ripened in moist peat at 5°-7° for two months were incubated at 10° C., but 
no germinations occurred. Upon completion of the tests, these samples, as 
well as the others from the 10° C. oven, were placed in a refrigerator and 
kept continuously at 5°-7° C. for 133 days. During this time 1-2 per cent. 
germinated, indicating that, as a result of prolonged after-ripening, the 
minimum temperature for germination had become lower. These samples 
were then placed in the ground under a spruce stand in New Hampshire 
where the temperature varied from 0° to 5° C. They were allowed to re- 
main there one month, during which 4 per cent. germinated. Then extreme 
weather necessitated their removal to a cool cellar. During the next month 
in the cellar at approximately 8° C. about 20 per cent. more germinated. 
The tests were then discontinued. 

In October, 1930, experiments were made to determine whether seeds 


would germinate out-of-doors under the prevailing temperatures. Owing to 
the severe drought prevalent at the time, it was arranged to keep the seed- 
bed uniformly moist, while otherwise simulating natural conditions as 
closely as possible. The following apparatus was used: copper cylinders 10 
em. in diameter and 15 em. high were constructed, having bottoms of very fine 
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(80-mesh) copper gauze. They were mounted on 1.5-em. legs. These 
cylinders were filled to within 2 em. of their tops with fine sand, previously 
cleaned by washing with 20 per cent. HCl and distilled water. The cylinders 
were then placed in an enameled pan filled with water to a point 1 em. above 
their wire bottoms. This level was subsequently maintained automatically 
by a Mariotte flask rigidly attached to the pan. The remainder of the water 
surface in the pan was covered with glass strips held in place with adhesive 
plaster and heavy paraffined cardboard to prevent evaporation and to ex- 
clude dirt. The whole was then given a coat of waterproof lacquer. The 
apparatus was buried in the ground so that only the tops of the cylinders 
protruded. The sand surface within the cylinders was adjusted level with the 
surface of the ground (fig. 8). Two such complete units were established, 
containing three cylinders each, one in an opening and one under dense shade 
in a 20-40 year-old stand of old field spruce near Berlin, N. H. The ground 
surface in the open was covered with a heavy sod and spruce seedlings were 
abundant. Under the stand there was no ground flora, but a thick mat of 
spruce needles covered the surface. One hundred seeds of the 1928 crop 
were sown in each cylinder and gently pressed into contact with the sand. 
Maximum and minimum thermometers with bent stems for measuring sur- 
face soil temperatures (31) were kept inserted in the sand surface and read 
daily. When temperatures continuously below freezing ensued in mid- 
November, no germination had yet occurred in any of the cylinders, and both 
units were removed to the laboratory. Here germination began promptly 
and continued for nearly a month from seed which had become deeply 
buried. Owing probably to the poor quality of the 1930 crop, some seeds 
collected from trees on the site of the experiment and sown along with the 
standard seed failed to germinate. Probably the experiment should have 
been started earlier in order to encounter conditions suitable for fall germi- 
nation. Seed shed early in September may thus in some years meet with 
temperatures favorable for germination. Periods of warm weather also 
occur occasionally in October. From several years’ observation, however, 
only exceptionally have fall-germinated red spruce seeds been seen. 


SUMMARY OF EFFECT OF TEMPERATURE 


The effective range of temperature within which germination occurs nor- 
mally was found from the preceding experiments to be approximately 15°- 
30° C. The optimum temperature apparently lay between 24° and 28° C. 
For after-ripened seed the minimum was lower. Imbibed seeds exposed to 
temperatures of 32° C. and higher seemed to incur permanent injury. On 
the other hand, incubation at temperatures below the effective range resulted 
in very rapid germination when the temperature was raised to a point 
within the optimum range. 
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3. RATE OF MOISTURE ABSORPTION.—Red spruce seeds belong to the group 
with moderately high germinative energy. They germinate in a few days 
after the conditions become favorable. Prrtis (40) gives the time necessary 
for red spruce seeds to germinate in the nursery as 12 days. The shortest 
time between placing dry seeds in the germinating medium and the starting 
of germination observed by the writer was four days; seven days is per- 
haps the average. Seeds buried in soil do not appear above ground until 
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Fic. 6. Germination of red spruce in darkness at different constant temperatures 
(° C.), second series. No germination occurred at 10°. Basis 800 seeds each curve. 


considerably later. The peak is usually reached by the 12th day, and 
germination is nearly over by the 20th day in germinators. A few seeds 
continue to germinate for 30-50 days (fig. 5). The beginning of germina- 
tion is closely correlated with the rate of water absorption or imbibition. 
Seed coats of red spruce seeds imbibe water readily, as shown by the follow- 
ing experiment. 

Two samples of 100 seeds each of the 1928 crop, containing 7 per cent. 
moisture based on dry weight, were placed in individual JAcoBsEN germina- 
tors (2) with a water level 10 cm. below the plate. The seeds were weighed 
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on an analytical balance before being placed in the germinators, and at in- 
tervals until germination started. In weighing, the seeds were brushed 
carefully on to a dry filter paper which had been balanced on the pan, and 
the weighing made as rapidly as possible, to avoid loss by evaporation. A 
fresh paper was used for each sample. After the final weighing, the seeds 
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Fic. 7. Daily germination of red spruce seed at different constant temperatures 
(° C.), second series. Basis 800 seeds each curve. 






were oven-dried at 105° C. for 48 hours and the dry weight determined. 
The moisture percentages are illustrated in figure 9. The rapid initial 
absorption demonstrated that the seed coats were readily permeable. 

RATE OF WATER ABSORPTION AS RELATED TO VOLUME.—Upon imbibition, 
the volume of the seed plus that of the imbibed water increased. This is not 
true of all seeds. The behavior of red spruce seed was demonstrated by the 
following experiment: 
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A small bulb was blown in one end of a glass tube, sealed off and filled 
with air-dry seeds. The tube and bulb were filled with boiled distilled water, 
eare being taken to eliminate air bubbles. The tube was then attached to a 
graduated manometer tube filled with mercury, similar to the apparatus 
described by pu Saston (45). The height of the mercury column was read 
at intervals for two weeks, the apparatus standing on the laboratory desk in 





Fic. 8. Apparatus in place for studying fall germination. 


diffuse light at about 22° C. A continuous rise occurred, increasing to a 
maximum at seven days, and then remaining constant. The trend was as 
follows: 








INCREASE IN VOLUME AFTER: 





4 hrs. 6 hrs. 28 hrs. 2 days 7 days 12 days 
0.04 ml. 0.05 ml. 1.90 ml. 1.92 ml. 2.70 ml. 2.70 ml. 





The rate of increase in both weight and volume due to imbibition of water 
will be seen to be closely correlated with the time elapsing before germina- 
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tion commenced. OstERHOUT (38) found the rate of water absorption much 
greater at high temperatures than at low ones, and it seems probable that 
the hastening of germination observed at higher temperatures may be ex- 
plained by the more rapid intake of water and the speeding of chemical re- 
actions according to the van’t Hoff law. 

4. GERMINATION IN LIGHT AND DARKNESS.—The first experiments on the 
effect of light upon the germination of red spruce seeds were made in March, 
1930, in the greenhouse of the Marsh Botanical Garden. Eight samples of 
100 seeds each of the 1928 crop were placed in a dark chamber and eight 
in the light chamber. The seeds were germinated in petri dishes as in the 
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Fie. 9. Course of moisture absorption by red spruce seed prior to germination on 
JACOBSEN germinator. 


experiments with temperature, and the apparatus for securing darkness was 
the same chamber as was used by Diruuer (16) and Hutcuines (22) in their 
studies on the effect of light and darkness on germination. Sprouted seeds 
were counted and removed at intervals of five days. Final cutting tests 
were made on all seeds which did not germinate within 30 days. Tempera- 
tures in the chambers read with current thermometers at the time of count- 
ing the sprouted seeds varied from 21° to 24° C., which fell within the 
effective optimum range for normal germination (q.v. above). 

The results are shown in table VI and in figure 10. After 10 days about 
10 per cent. higher germination was recorded in darkness than in light; 
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hypocotyls were longer in the dark, possibly because of the absence of the _ 
inhibiting effect of light. After 15 days the difference between the light and 
dark samples had become less, and at 20 days the number germinated in light 
exceeded that in darkness. At 30 days the average germinations of the 
two series varied by but 1.5 per cent., and real germinations? showed a mean 
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Fic. 10. Germination of red spruce in light and darkness. Dotted line indicates 
darkness. Basis 800 seeds each curve. 





difference of but 0.8 per cent. A computation of average and standard de- 
viations from the mean indicated that the two series exhibited essential uni- 
formity, and no significant difference in behavior. Both standard deviations 
and probable error were greater in magnitude than the difference in germina- 

2 ‘*“Real germination’’ is based on the percentage of sound seeds germinating, and 
thus differs from the apparent germination of the entire sample, when many empty seeds 
are present. 
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TABLE VI 


AVERAGE GERMINATION OF RED SPRUCE SEED IN LIGHT AND DARKNESS 








REAL GERMINATION 
APPARENT GERMI- (PER CENT. OF 


GERMI- NATION IN 30 DAYS FILLED SEED 
NATION GERMINATED IN 
TEMPERA- 30 DAYS) 
TURE DARK- 
NESS LicHT Dakk- 


YEAR 
COL- 
LECTED 























; | & % % 
. 1930 | 70.0 68.5 | 76. 1,600 
. 1930 | 80.5 69.2 . 800 
. 1930 77.2 69.0 | } 5 800 
. 1931 71.2 62.2 | 2 800 
. 1931 80.5 60.7 | | 62. 800 
Mar. 1931 69.0 51.5 | 743 | 56. 800 
(Av. of 20 monthly tests 70.34 54.17 | Pa 16,000 
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tive energy between the light and dark series. The experimental error was 
thus greater than the observed difference between the two conditions. 

Beginning in November, 1930, a series of tests was started, primarily to 
study periodicity of germination. Unfortunately, change of residence neces- 
sitated the abandonment of these tests in June, 1932, after 20 months. They 
give, however, abundant data on germination in light and in darkness. Four 
samples were set up in light and four in darkness on the JACOBSEN germina- 
tor at 24° C. on the first of each month. Darkness was secured by coating 
the inside of the glass bell-jars with black enamel and India ink, while the 
outer surfaces were painted with white enamel to prevent absorption of 
heat. Thermometers were inserted in both dark and light samples and read 
daily. The temperatures were practically identical under both conditions, 
and, since temperature was controlled thermostatically, no fluctuations oc- 
curred. The results are given in table VI. They show from 10 to 30 per 
cent. greater germination in 30 days in light than in darkness, and sug- 
gest that light may be definitely beneficial in hastening germination, al- 
though by no means essential. 

After-ripening.—Since red spruce sheds much of its seed in the autumn, 
which then remains on the wet ground under the snow, or in contact with 
melting snow until late spring before germinating, it might be supposed 
that cool moist storage of the seed would be the natural condition, to which 
the seed had become accustomed for centuries, and that stratification under 
such conditions would have the effect of hastening germination. To test 
this the following experiments were made: 
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Seed of the 1928 lot was stratified in moist peat at 8°-10° C. for ap- 
proximately two months. Part of the seed was then removed and germi- 
nated along with similar samples of untreated seed, in individual JACOBSEN 
germinators. The germination temperature varied from 15° at night to 
20°-25° C. by day. Part of the stratified seed was allowed to dry for two 
weeks. The remainder was dug up and samples of the freshly dug seed, 
seed which had been dried two weeks after stratification, and unstratified 
controls were germinated in soil flats in the greenhouse. The flats were 
prepared as described by Toumry and Stevens (58). The sprouted seeds 
were counted and removed at 5-day intervals. 

The results are given in table VII and shown graphically in figures 11, 
12. In every case moist storage at low temperatures resulted in an increase 
in germinative energy and capacity as well. The differences, however, be- 
tween the courses of germination of stratified and unstratified seeds were 
in no ease as great as found for some other conifers by other investigators 
(44, 39, 59, 60, 5, 6 and others), or by the writer (3) for eastern hemlock 
(Tsuga canadensis (L..) Carriére.) 

In December, 1930, another series of experiments on after-ripening was 
started. Seed of the 1928 crop was used. One hundred seeds were placed 
on a layer of moist granulated peat 1 em. thick in each petri dish, and 
covered with a thin layer of powdered peat. The dishes were then stored 
in a cold cellar at 6°-8° C. At the end of one month and of two months 
eight samples each were removed and placed at 24° C. to germinate along 
with eight similar samples of dry seed, freshly placed in peat as controls. 
Every five days the dishes were examined for sprouted seed and the peat 
worked over with tweezers to insure proper aeration. Water was added if 
necessary. The summarized results are shown in table VII and figures 11, 
12. No significant difference in germination was observed between the two 
sets of samples. What little hastening of germination occurred in the 
stratified samples can be explained by the fact that these seeds were already 
fully imbibed as compared with the dry seeds. 


SUMMARY OF RESULTS OF AFTER-RIPENING EXPERIMENTS 


Field observations by a number of workers, as well as laboratory tests. 
show that seeds of several species of spruce cannot be classed as requiring 
prolonged after-ripening before becoming capable of normal germination. 
The present experiments confirm this conclusion ; germination was hastened, 
but to a slight degree only. 


5. GERMINATION UNDER AERATING WATER.—It is generally believed that 
excessively moist seed-beds are unfavorable for germination, the poor re- 
sults obtained under such conditions being usually attributed to lack of 
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aeration. When seeds swell in water their respiration rate increases, and 
if sufficient oxygen is not at hand death ensues. Toumry and DurRLAND 
(54) found that seed of upland species soaked over five days in water at 
greenhouse temperature gave very low germination, if it germinated at all. 
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Fig. 11. Germination of after-ripened seed of red spruce. Solid lines represent 
seed stratified 75 days at 10° C. Dashed lines, controls. Basis 1700 seeds. 
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With white spruce the germination fell off constantly with longer soaking, 
until no germination was secured after 30 days. Red spruce was not 
tested. In the present experiments the seeds were kept totally immersed 
and germination in aerated and unaerated water compared. 

Two hundred seeds of the 1928 crop were attached to both sides (100 
on a side) of a glass strip 2 em. wide, by coating the strip with shellae and 
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pressing the seeds into it. The glass strip was inserted into a cork fitting 
the neck of a 2-liter bottle and suspended vertically in the bottle. Two 
such bottles were set up and filled completely with water which had been 
boiled to expel all dissolved air and then cooled. One bottle was arranged 
to be constantly aerated by blowing a stream of air through it from a com- 
pressed air tap, leading the air to the bottom of the bottle through a glass 
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Fig. 12. Germination of after-ripened seed of red spruce: (1) Stratified one month 


at 7° C. (2) Control. (3) Stratified two months at 7° C. (4) Control (basis 800 seeds 
each curve.) 





tube. The other bottle was not aerated. The bottles were kept at room 
temperature, averaging about 23° C. 

After nine days some seeds in the aerated bottle began to germinate, 
and 13 days after the start of the experiment, aeration of this bottle was 
discontinued and the control bottle attached to the air tap. Up to this time 
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no germination had occurred in the control bottle. Six days after aeration 
of the control bottle had begun, some seeds were noticeably swollen, and 
after 11 days about 10 per cent. had germinated. This showed that even 
seeds soaked 13 days in the absence of oxygen retained their vitality. 
Final counts from both bottles were as follows (basis of 200 seeds) : 
(1) Dry seed placed in water and aerated 13 days ...... 57 per cent. 
(2) Dry seed placed in water without aeration ............ 0 per cent. 
(2) after subsequent aeration for 13 days 00... 28 per cent. 
These experiments suggest that red spruce seed is capable of enduring 
considerable soaking and storage under anaerobic conditions without losing 
its viability. Presumably submergence at lower temperatures than those 
used in these experiments, and such as would occur in nature, would have 
an even less deleterious effect. Submergence at higher temperatures would 
shorten the period the seeds would remain viable, as shown in TouMEy and 
DuRLAND’s experiments (54). 
TABLE VIII 


GERMINATION OF RED SPRUCE SEED IN SOLUTIONS OF DIFFERENT PH 
GERMINATIVE ENERGY AT 21 DAYS. EACH FIGURE IS THE AVERAGE OF 200 SEEDS 








| SERIES AND DATE 








PH I II*—III IV V VI VII VIITt—IXt 
Fes. ’28 | May ’28 | Oct. ’28 | Dec. ’28 | Mar. ’29| Apr. ’29 Sept. ’29 
| % % % % % % % % 
1.05 0 0 
2.05 70 44 
2.5 67 64 
+ 
3.0 60 51 54 | 50! 
3.5 49 44 58 56 
4.0 47 56 51 73.5 71 
4.5 49 56 molded: unreliable* 75 46 
5.0 40 34 ~ 52 77 54.5 
5.5 88 52 26 26 43 48 
6.0 83 41 26 44 57 j 47+ 
, | 119% 
6.5 76 54 17 34 31 30 
7.0 19 33 6 41 33 25 77.5 60.5 
7.5 
8.0 17 35 1.5 41 70.5 65 
8.5 51.5 3.5 
Controls 
(distilled 88 51 35 24 66 52 77.5 73.5 
water) 





























* Results unreliable owing to excessive mold; results not given. 
t Figures give germination at 19 days for series VIII and 17 days for series IX 
respectively. 
+ Two overlapping solutions of same pH. 
Figures in bold face type indicate best germinations for each series of tests. 
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GERMINATION IN DIFFERENT HYDROGEN ION CONCENTRATIONS.—Several 
students of spruce reproduction have attached importance to the acidity 
of the seed-bed as a factor controlling the establishment of spruce. Field 
observations showed that seedlings grew in acid habitats. Table IX gives 


TABLE IX 


REACTION OF SOILS IN WHICH SPRUCE SEEDLINGS WERE GROWING 














CHARACTER OF HUMUS PH VALUE MONTH 








Northern hardwo00d leaf mold .....cccccccoocsossseneennnseene 6.5 May 
pe cen 6.5 May 
Mineral soil under northern hardwoods ........ 6.8 May 
Red spruce humus (uff) o.com 6.5 November 
Raw humus under young spruce stand .......... 4.8 April 


Dry undecomposed spruce needles o.com 4.3 | October 


| 





the average pH values of soil clinging to roots of spruce seedlings a few 
months to a year old on various sites. They were averaged from a large 
number of determinations made near Cupsuptie Lake, Maine, in 1924 and 
1925, using a LaMotte indicator field set. 

An optimum degree of acidity for the germination of Norway spruce 
(Picea excelsa Link.) has been noted by AALTONEN (1) and Scumipt (48). 
The latter germinated seed in buffered solutions, and pointed out the danger 
of the results being influenced by the character of the solution unless over- 
lapping tests were made with different salts to secure the desired pH range. 
He found the use of a single acid, such as sulphuric acid, unsuitable owing 
to the instability of an unbuffered solution. 

Laboratory experiments were begun in February, 1928, and extended 
over 20 months. All-glass individual JACOBSEN germinators were used. 
Special care was taken in the cleaning of the glassware. It was soaked 
in acid bichromate cleaning fluid, rinsed, boiled in soap suds, rinsed in 
distilled water, and dried. The wicks were of unused pure cotton yarn. 
They were boiled in distilled water, and then each soaked in its correspond- 
ing solution before being put in place. High grade filter papers were 
placed on the wicks. Eight hundred-ml. pyrex beakers were used as reser- 
voirs, filled to within 7.5 em. in the first series, and to 10 em. of the top in 
later experiments. After setting up the apparatus, the beakers were placed 
in the water bath of the large JACOBSEN germinator (fig. 2) and maintained 
at a constant temperature of 24° C. Two samples of 100 seeds each were 
set up for each different pH, and for each different solution. The same lot 
of seed of the 1927 crop was used in all tests. In series VI and VII the 
seed was counted with a special suction counter described by Brown, Too, 
and Goss (10) and lent by courtesy of the Seed Laboratory, U. S. Depart- 
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ment of Agriculture. Wherever possible the ranges of different solutions 
were made to overlap 1.0 pH. Solutions were prepared varying by 0.5 pH 
from pH 1.0 to 8.5. The substances used for buffers included succinic 
acid, borax, sodium dihydrogen phosphate, hydrochloric acid, sodium hy- 
droxide, sodium chloride, citric acid, and glycocol. Before being used all 
solutions were diluted the same amount with distilled water, and their pH 
checked electrometrically by the calomel electrode method. At the end of 
the test the reactions of the filter papers were checked. A small quantity 
of liquid was sucked out of the filter paper with a dropper and its pH de- 
termined colorimetrically. In no case was any change detected, except in 
the last series, where the method of germination differed and the solutions 
were exposed to the air, and so could absorb CO,. The experiments were 
repeated eight times. Results are presented in table VIII. 











555 $6.0 6.4 7.0 8.0... DISTILLED 


i P hb % mm Loa net 











Fig. 13. Red spruce seedlings germinated in solutions of different pH. 


In the first five series measurements were made of the lengths of tops 
and roots of seedlings in each sample. Twenty-five or more seedlings were 
drawn at random from each sample and measured on a millimeter scale. 
They were then weighed and the weight of 50 seedlings in grams computed 
for each sample. 

In all the series, striking differences were observed in the germination 
and growth over different hydrogen-ion concentrations. These were ap- 
parent after the first week. The first seeds to germinate were invariably 
in the more acid samples in the range pH 3.0-5.5. Neutral and alkaline 
tests showed retardation in germination at the start, and after three weeks 
the seedlings had made much poorer growth than those on acid samples, 
or had died. Mold attack was most severe in the case of neutral and alka- 
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line samples. Solutions of salts in most cases seemed to have an unfavor- 
able effect upon germination as compared with distilled water, but the 
effect of acidity could be noted in samples of the same solution with differ- 
ent pH values. In some cases better germination was secured in the buff- 
ered solutions than in the distilled water controls. The detailed tables 
showing courses of germination under the different conditions and data on 
weights of seedlings are omitted on account of lack of space. The appear- 
ance of the seedlings as shown in figure 13 gives a much better idea of the 
effect of the various degrees of acidity than would the numerical data. 


SUMMARY OF RESULTS OF GERMINATION IN DIFFERENT HYDROGEN-ION 
CONCENTRATIONS 


Germination was found to take place more rapidly and completely in 
the more acid solutions than in neutral and alkaline ones. In most cases 
alkaline solutions proved distinctly injurious. The range of tolerance on 
the acid side was very wide; good germination was obtained from pH 2.0 
to 6.6. The superiority of highly acid substrata may have been due in 
some degree to the greater freedom from mold. A pronounced optimum 
pH could not be found. In general red spruce seeds germinated best be- 
tween pH 3.5 and 5.5. Figure 14 presents some of the results graphically. 


Discussion of results 


The experiments with different incubation temperatures showed that 
germination occurred at a wide range of temperature. Thirty-eight degrees 
C. was found definitely too high, which agrees with the findings of Haasis 
(19). If the seeds could have been kept perfectly sterile it is possible that 
some might have germinated. Thirty-two degrees was above the optimum, 
which probably lies between 24° and 26° C. The differences in germina- 
tion between any temperature from 18° to 28° C. were chiefly due to hasten- 
ing germination in the early stages of incubation by faster water absorption 
and chemical changes in the seed. The end results after 20 days were 
nearly identical. Figs. 5-7 show clearly the influence of higher tempera- 
tures in hastening germination, in crowding the bulk of the germination 
into a shorter period, and in causing it to begin earlier. Apparently germi- 
nation can occur a few degrees above freezing if the seed has been stored 
long enough previously at low temperatures. The lower the temperature, 
the more important becomes the time factor, and the period of germination 
is enormously extended at low temperatures, as observed by Haass (19). 
No germination occurred at 10° C. after one month’s trial. 

The effectiveness of long incubation at low temperatures in lowering the 
temperature requirements has an important bearing on the after-ripening 
experiments. In these tests after-ripening was found to have little effect 
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on the rate of germination at relatively high temperatures, the optimum 
range for untreated seed. The capacity of the seed to germinate at low 
temperatures also helps to explain its failure to remain viable in the duff, 
assuming, of course, that moisture is adequate. 

In spite of the more or less negative results of the first experiments on 
light and darkness, the later experiments seem to indicate that germination “ 


PERGENT: 


GERMINATION 





/ 2 3 4 5 6 7 & Ho 
pH 
Fig. 14. Germination of red spruce in solutions of different pH. Basis 200 seeds 
each dot. 


is hastened somewhat by light. In the first series the average germination 
after 30 days in light and darkness varied but little. In the 20 monthly 
tests carried out subsequently, dark germination exceeded light in but one 
case, and the excess of light over dark was generally 10 per cent., and once 
or twice about 30 per cent. Lack of light seems to retard the rate of germi- , / 















































/ tion the chemical changes preliminary to germination. 
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nation, not to prevent it. Light probably acts as a stimulant to set in mo- 

The effect of the combined action of light and temperature, especially 
low temperature, was not investigated. With a species which germinates 
as readily as red spruce, it seems doubtful whether the influence of such 
factors would be profound. In most cases where the combined action of 
light and low temperature (or darkness and low temperature) has been 
found effective in hastening germination, the seed germinated with great 
tardiness under ordinary germinator conditions (Kinzeu 25-29). 

The réle of oxygen in the germination of red spruce seeds may be im- 
portant when the seeds are imbedded under hardwood leaves or mulch. 
While starchy seeds, such as peas and beans, can be germinated anaer- 
obically because of the large amount of oxygen present in their storage 
foods, fatty seeds like spruce require oxygen from outside in order to oxi- 


— 


dize their fatty reserves for use in germination. However, the oxygen re- 
quirements of spruce seeds appear quite minimal. More detailed experi- 
ments would be necessary in order to determine quantitatively the limits 
under which germination would occur. 

The promptness of germination in red spruce seeds seems to be due to 
two chief causes: (1) their physiological readiness and (2) their compara- 
tive ease of moisture absorption. Seeds which are not markedly dormant 
must germinate when external conditions are favorable; if not, the chemico- 
synthetic processes are so weakened that\ they often cannot repeat the 
awakening. The inability of the seed to lie dormant over occasional periods 
of warm weather after seed-fall results at times in the devastating autumn 
germination of red spruce alluded to by many writers. 

Water is the most important single factor in germination within the 
favorable range of temperature. Water, besides causing hydrolysis of the 
reserves in the seed, is responsible for the more or less mechanical swelling 
and bursting of the seed coat. 

The short period that spruce seed was found to remain dormant in the 
duff can be interpreted in this light: conditions even approaching the mini- 
mum for germination mobilize the ferments; if the stimuli are then re- 
moved, the seed is weakened by the expenditure of energy, and will respond 
less vigorously on the next occasion. It is even more probable that it will 
actually germinate and be unable to reach the surface, or survive adverse 
climatic conditions. In examining seeds removed from the duff, black 
fungous threads were often observed enveloping them. HartTiEy, MERRILL, 
and Ruoaps (21) state that considerable quantities of seed are destroyed 
by ordinary saprophytic molds, and suggest that failure to germinate in 
humus and leaf mold might be due to the attack of molds and even to 
damping off fungi like Corticiwm vagum B. & C. or Pythium debaryanum 
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Hesse. That seeds are killed by fungi before the coats are split has recently 
been demonstrated by RarHpun-GravattT (43). 

The experiments on germination in different hydrogen ion concentra- 
tions, in spite of inconsistent results in many cases, confirm fairly well the 
conclusions of other investigators that an acid reaction is not unfavorable 
to spruce seed; in fact, indications are that acid conditions more or less 
favor germination. If the illustrations of the seedlings at the end of 21 
days (fig. 13) are compared with the corresponding figures for germina- 
tion, it will be observed that the effect of the acid is more evident from the 
appearance of the seedlings than from the germination statistics. This 
agrees with the findings of Saurer and McItvaine (46) and Scumipt (48). 
It would appear that the seeds can germinate well from near neutral to 
pH 2.0. No data were obtained on mortality following germination, but 
seedlings growing in alkaline solutions died soon after germination, or ex- 
hibited blackening of the roots. From the curves for the course of germi- 
nation it will be seen that the lower pH values not only permitted a greater / 
final germinative energy in the period, but apparently stimulated eal 
germination. This may account for the greater percentage of seeds germi- 
nating before being attacked by mold. While the controls over distilled 
water usually gave larger and more healthy seedlings, higher germination 
percentages were often recorded for the strongly acid samples. A com- 
parison of the development of red spruce seeds in different reactions under 
laboratory conditions with those under the different acidities found in the 
field confirms their tolerance of a wide range of pH values. 

These studies of the germination requirements show that no very narrow 
limits control germination; all requirements are met under average condi- 
tions during the growing season. Moisture, then, must be the limiting 
factor for germination much of the time. Probably most viable spruce 
seeds germinate promptly in the spring, but few seedlings survive. Lack 
of reproduction is more likely due to unsuitable conditions for survival and 
establishment than failure to germinate, provided of course that the seed 
supply is adequate. 


Summary 


1. Red spruce seeds were capable of germinating promptly following 
maturity under a wide range of conditions. 

2. In the field, germination and survival were best on mineral soil. 

3. Germination and survival were favored by surface soil moisture. 

4. Under the conditions of the experiments the seed did not retain its 
vitality long when stored in the duff. Most of the seed germinated in the 
duff during the first season. A small percentage remained viable for one 
year, and occasionally for two. 
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5. The average germinative energy of freshly harvested seed was found 
to be 66-87 per cent. in 30 days, with an average of 77 per cent. During 
air-tight dry storage it decreased about 10 per cent. per year for the first 
three years. 

6. Germination of air-dry seed took place within a temperature range of 
15°-32° C. Germination was incomplete below 20° and above 28° C. The 
optimum range appeared to be 24°-26° C. 

7. After prolonged stratification at low temperatures, the minimum 
temperature for germination was lowered. 

8. After-ripening at 7°-10° C. in a moist substratum hastened germina- 
tion only slightly. 

9. Light was found non-essential, but somewhat stimulating to germi- 
nation. 

10. Moisture was most important, especially at the beginning of germi- 
nation. Moisture absorption was rapid, and began immediately. 

11. Germination took place under water when aeration was provided. 

12. Red spruce seeds tolerated a wide range of acidity, and germinated 
well between pH 2.0 and 7.0. Germination increased up to pH 2.0 and 
was poorest toward the neutral point and alkaline side. Best seedlings 
resulted between pH 5 and 6. 

13. The speed of germination was greater in the more acid samples. 

14. The most vigorous seedling growth was obtained in the distilled 
water controls, but there was no evidence that the buffered solutions used 
retarded germination. 

15. Molding of the seed was less severe at higher acidities. 

16. These experiments indicate that natural reproduction of red spruce 
seeds is dependent not so much on the requirements for germination as on 
the factors which determine survival of the seedlings after germination 
takes place. 

This investigation was made possible by cooperation between the School 
of Forestry, Yale University, and the Brown Company, Portland, Maine. 
Field studies were begun at Cupsuptie Lake, Maine, in 1924 and were con- 
tinued at Berlin, N. H., until June, 1932. Laboratory work has been ear- 
ried on at the Forest Investigations Laboratory of the Brown Company 
Forestry Division. The writer is especially indebted to the late Dr. JAMES 
W. Toumey, Professor of Silviculture in the Yale School of Forestry, under 
whose direction the investigations were carried out, for many helpful sug- 
gestions in planning and carrying out the studies, and in the analysis of the 
data and preparation of the original manuscript. He desires also to ex- 
press his sincere appreciation to Mr. W. R. Brown, for permitting the 
publication of the parts of the investigation carried on by the writer while 
employed by the Brown Company. Thanks are also extended to Professor 
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Dr. WERNER Scumipt, Leiter, Waldsamenpriifungsanstalt, Eberswalde, 
Germany, for much kindly counsel, and for so generously placing the re- 
sources of his Station at the writer’s disposal; to Dr. Grorce E. NicHOLs 
for laboratory facilities at the Osborn Botanical Laboratory, Yale Uni- 
versity ; Dr. LoranpE L. Wooprurr of the Osborn Biological Laboratory for 
use of constant temperature ovens; Dr. Cart G. DeuBer for many construc- 
tive suggestions; Dr. JoHn S. Boyce for the identification of molds; Dr. 
WiiuiamM Crocker, Director of the Boyce Thompson Institute for Plant 
Research, for examining seed from duff samples, and for many helpful 
suggestions; and to Mr. P. S. Guasson of the Brown Company Research 
Department for preparing solutions of different pH value. 
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CARBOHYDRATE AND NITROGEN RELATIONS IN WHEAT 
PLANTS WITH REFERENCE TO TYPE OF GROWTH 
UNDER DIFFERENT ENVIRONMENTAL 
CONDITIONS 


ANNIE M. Hurp-KaRRER AND ALLAN D. DICKSON 


(WITH FOUR FIGURES) 


Introduction 


The growth habit of the wheat plant is strikingly affected by relatively 
small changes in the environment. If the short days of winter are length- 
ened by a few hours of artificial illumination, the young plants of Turkey, 
a winter variety, grow erect instead of assuming the recumbent growth 
habit, which in winter sowings normally characterizes the early tillering 
stage (28). Also, if this variety is grown at temperatures above 20° C., 
culm elongation may be completely inhibited, resulting in the stunted indefi- 
nitely vegetative growth characteristic of spring-sown plants (4). Morpho- 
logical characteristics of spring varieties, such as Hard Federation, which 
are less susceptible to modification by small temperature differences, are 
greatly affected by differences in day length. By increasing the natural 
length of the day through artificial illumination, the plants may be so rap- 
idly forced into heading that at maturity they are extremely stunted, with 
reduced tillering, short spindling culms, and small leaves and heads. By 
decreasing the length of the light period, large vegetative plants are pro- 
duced, with increased tillering but reduced yields of grain (29). Such 
variations in type of growth would seem to reflect correlative differences 
in the chemical organization of the plant. 

Early investigators (43, 30, 31) attributed the transition from vegeta- 
tive to reproductive growth to the accumulation of some unnamed organic 
material acting as a stimulus to flowering. The suggestions followed that 
the transition is brought about by the accumulation of carbohydrates (32, 
35) or by an excess of carbohydrates over nitrogenous compounds (14, 15, 
34). 

The relative amounts of carbon and nitrogen compounds in the tissues 
have been reported to determine many aspects of plant behavior. Not only 
the general condition of fruitfulness, and of contrasting vegetative develop- 
ment, but also the rate and amount of growth, root development, relation 
of size of tops to that of roots, resting periods, fruit-bud differentiation, and 
the phenomena involved in ‘‘photoperiodism’’ have been reported to be 
correlated with the balance between carbon and nitrogen compounds in the 
tissues (3, 23, 33, 46). The analytical work on wheat includes that of 
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Rem (41, 42), who showed that the type of seedling growth is determined 
by the relative amounts of available carbon and nitrogen compounds; and 
of Hicks (21, 22), who concluded that successive stages of development are 
initiated by critical values of the carbon/nitrogen ratio, flowering being 
brought about by a high C/N value. 

The purpose of the present investigation was to extend these observa- 
tions to a chemical characterization of the widely differing growth responses 
shown by the wheat plant when grown under various conditions of day 
length and temperature. By growing the winter variety, Turkey, and a 
spring variety, Hard Federation, under a number of controlled greenhouse 
environments, many different types of growth were obtained, ranging from 
the complete sterility of entirely vegetative plants, and the partial sterility 
resulting from extreme forcing conditions, to normal vigor and grain devel- 
opment. The data obtained are discussed from the standpoint of the direct 
effects of day length, temperature, light intensity and soil reaction, and also 
with reference to correlations of chemical composition with type of growth 
and fruitfulness. 


Methods 
1. ENVIRONMENTAL CONDITIONS 


Seeds of the varieties Hard Federation (C. I. 4733) and Turkey (C. I. 
1558), representing respectively extreme types of spring and winter wheats, 


were sown on December 13, 1929, in each of two similarly situated green- 
houses with automatically controlled temperatures. One house was kept 
at 10°-12° C., a temperature favorable for wheat, the other at 21°-23° C., 
which is unfavorably high. This high temperature was especially unfavor- 
able for the development of Turkey, whose heading was largely inhibited 
above 20° C. Temperature control was satisfactorily maintained until the 
second week of April, when outdoor temperatures became too high. After 
this date an average difference of 5° C. in the temperature of the two houses 
was maintained by means of a sprinkler system on the roof of the low- 
temperature house. 

The soil used was a clay-loam compost, 10 inches deep, thoroughly mixed 
to insure uniformity. Soil moisture was kept as uniform as possible in all 
the benches. 

The plants of the first bench in each house were given a shortened day 
by means of a heavy black sateen cover, which was in place from 4 P. M. 
until 8 A. M. the next morning, giving the plants a light period of 8 hours 
in the middle of the day. The cover was adjusted over a framework to 
which it was secured at the corners by snap fasteners. It was removed by 
rolling it off the framework on a rod which constituted one edge of the 
frame. Neither soil nor air temperatures in the bench were affected appre- 
ciably by the cover. 
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The plants of the second bench in each house were given a light period 
of 17 to 19 hours by supplementing the natural day with artificial illumina- 
tion from 4 p. mM. until midnight. Three-hundred-watt Mazda-C bulbs in 
standard deep-bowl reflectors were suspended at 32-inch intervals, 4 feet 
above the level of the soil. The light intensity at the level of the soil was 
approximately 100 foot-candles. Thermographs directly beneath the lights 
recorded an increase in air temperature of 1° C. when the lights were on, 
but there was no appreciable effect on the soil temperature. As the plants 
increased in height, the lights were raised to 5 and eventually to 6 feet 
above the bench. 

A third bench, adjacent to the one directly under the lights, received the 
same period of illumination but the intensity of the supplementary light 
was only 50 foot-candles at the edge of the bench nearest the lights, and 15 
foot-candles in the corners farthest away. 

The natural-day control plants of the fourth bench in each house were 
protected from the lights over the long-day bench by a heavy black sateen 
curtain hung in the intervening aisle during the period when the lights were 
on. The natural length of day increased from 9.5 hours at the beginning 
of the experiment to 15 hours when the last plants were harvested. 

In order to determine whether liming would affect the growth and chemi- 
eal composition of the plants, each bench was divided into two parts by a 
tight board partition, and commercial hydrated lime was mixed into the soil 
of the north section at the rate of 4 tons per acre. The reaction of 2:1 
water extracts of the limed soil was pH 8.1 as compared with pH 7.0 for the 
untreated soil. 

2. SAMPLING PROCEDURE 


Each lot of plants was sampled in the early tillering stage and again 
at heading time. At the time of the first samplings, the plants were from 
4 to 7 weeks old and had no stem tissue, so the material taken for analysis 
consisted of the entire plants, excepting the roots. The plants were always 
cut in the morning to avoid the effects of diurnal variations in composition. 
For the carbohydrate analyses the leaves were immediately ground to a 
pulp in a Nixtamal mill. Fifty-gram samples were quickly weighed into 
tared wide-mouthed 500-cec. Erlenmeyer flasks, each containing 0.2 gm. 
ealeium carbonate. The pulp was then covered with enough boiling 95 
per cent. alcohol to make the final concentration approximately 80 per cent., 
and boiled in a water bath for 15 minutes. Similar material was dried for 
24 hours in a well ventilated steam-heated oven (55°-60° C.) for nitrogen 
determinations. A third lot of the leaves was ground through the mill and 
the juice squeezed through cheese-cloth by hand for pH determinations. 

At the time of the second samplings, when the plants were in the heading 
stage, the leaves were stripped from the culms and those which were dried 
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or yellow were discarded. In all the samplings of both young and old 
plants, only green leaves were used. The culms, together with considerable 
leaf-sheath tissue, were analyzed separately. 

At the time of the first samplings the plants of each group, 1.é¢., those 
subjected to the same temperature and soil reaction but to four different 
light conditions, were all cut on the same day in order to obtain close com- 
parisons of day-length effects uncomplicated by the uncontrollable factors 
that differ from day to day. For the second samplings the plants of each 
lot were cut when the first flowers emerged, on the dates indicated in the 
tables. 

3. CHEMICAL ANALYSES 


CARBOHYDRATES.—Reducing sugar, sucrose, and total sugar in the 
samples preserved in alcohol were extracted according to the following pro- 
cedure. The original aleohol was decanted through a weighed filter paper 
into a 1000-ce. volumetric flask. The tissue was then extracted three times 
with 100-ee. portions of boiling 85 per cent. alcohol. On cooling, a gela- 
tinous precipitate appeared, so the extractions were filtered into the original 
extract after standing overnight. The volumetric flask was then made up 
to volume with 85 per cent. alcohol and aliquots were removed into beakers. 
These aliquots were freed of aleohol by evaporating almost to dryness in a 
water bath at 60° with a strong current of air. They were then taken up 
in hot distilled water and cooled after a few minutes by the addition of 
more cold water. The solutions were cleared with neutral lead acetate and 
the excess lead precipitated with potassium oxalate. 

The reducing values of the cleared solutions were determined by the 
SHAFFER-HARTMANN method (44), modified slightly with respect to the 
volumes of solutions used. From previous work on similar material it had 
been found that sucrose was the only dissacharide present in appreciable 
amounts. So both sucrose and total sugar were obtained by the hydro- 
chlorie acid inversion method of HERzFELD, as given by BRownE (6, p. 266), 
and caleulated from the reducing values by means of the MUNSON- WALKER 
sugar tables. 

After extraction of the sugars, the residue of each sample was trans- 
ferred with the filter paper to an aluminum weighing can and weighed after 
drying for 48 hours at 100° C. The weight of the alcohol-soluble material 
was obtained by drying aliquots of the extracts on quartz sand in tared con- 
tainers at 60° C. in a vacuum oven for 8 hours, after previous reduction to 
air dryness in a current of warm air. The weight of this aleohol-soluble 
material plus the weight of the extracted and dried residue constituted the 
total dry weight on which calculations of the sugars were based. 

The acid-hydrolyzable material was determined after grinding the dried, 
extracted residue in an ordinary drug mill, then in a ball mill, until it 
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passed through an 80-mesh sieve. Two-gram samples, previously freed of 
water by drying at 100° C., were extracted with 2.5 per cent. H,SO, for 2 
hours on a sand bath. After hydrolysis the samples were filtered, neutral- 
ized, cleared with neutral lead acetate, and the excess lead removed with 
potassium oxalate. From the reducing power of aliquots of the cleared 
solutions, made to volume, the percentages of acid-hydrolyzable material 
were calculated as glucose. 

Sufficient material for starch determinations was available at the head- 
ing stage only. One-gram samples of the original residue after extraction 
of the sugars were digested with a preparation of diastase known as 
Pangestin, a product of the Digestive Ferments Co. of Detroit, Michigan. 
After heating to boiling, and filtering, the solutions were made up to a con- 
centration of 2.5 per cent. H,SO, and hydrolyzed for 1 hour by boiling 
gently on asand bath. After neutralizing and making to volume, reducing 
power was determined and the results calculated as percentages of starch. 

All analytical procedures were carried out in duplicate. In the case of 
the glucose determinations, the maximum deviations from the mean of the 
two duplicates never exceeded an absolute difference of 0.1 per cent., so 
that differences greater than this in the glucose percentages given in the 
tables are probably real differences between the samples and not errors due 
to the method. Owing to the larger percentages of sucrose and total sugars 
present, their absolute percentage deviations from the mean of the dupli- 
cates increased to as much as 0.2, only 5 per cent. of the duplicates showing 
a greater discrepancy than this. It is therefore fairly safe to assume that, 
in this material, an absolute difference greater than 0.2 per cent. indicates a 
real difference in the samples. In the case of the acid-hydrolyzable data, 
the corresponding limit of accuracy is increased to 0.3, differences of this 
magnitude or less being obtained in 95 per cent. of the duplicate deter- 
minations. 

NiTROGEN.—Nitrogen, not including nitrates, was determined by the 
Kjeldahl method on material dried at 55°-60° C., then ground in a Wiley 
mill. The moisture content of the air-dry material was determined by dry- 
ing duplicate portions to constant weight (48 hours) in an electric oven. 
The nitrogen determinations were thus corrected for the moisture content 
of the samples and expressed as percentages of the oven-dry weights. 

The nitrogen values given in the tables are the averages of at least three 
replications. The maximum deviation from the mean of the three per- 
centages was less than 0.1 in 98 per cent. of the samples, so differences 
greater than 0.1 per cent. between determinations on different samples are 
assumed to be significant. 

Aciwity.—Electrometric determinations of the pH values of the juice 
of the fresh tissues, cut within an hour after the material for the corre- 








538 PLANT PHYSIOLOGY 


sponding carbohydrate and nitrogen samples, were made with a Wolf 
potentiometer and accessory equipment. The system was accurate to within 
+0.01 pH, according to frequent checks with M/20 potassium acid 
phthalate. 

4. CALCULATIONS 


The difficulty of expressing the analytical data without the distortion 
inevitably resulting when the dry-weight basis changes during the experi- 
ment seems insurmountable. Unless the data are expressed in terms of 
the absolute weight of material per plant or organ (which in the case of 
such variable plants as wheat (9) requires a large amount of material) they 
are merely statements of ratios of the constituent under consideration to 
the total solids, and there is a tendency to interpret changes in the ratio 
as changes in the numerator of the fraction only. CHIBNALL (8) pointed 
out that estimation of the diurnal changes in nitrogen from percentages 
based on the dry weight of the leaf gives inaccurate and misleading results, 
and recommended that such percentages be caleulated on the less variable 
fresh weight of the tissue. Mason and Maske (37) concluded that the 
apparent constancy of the fresh-weight basis is largely illusory and that 
in the absence of specific evidence of constancy, or especially when differ- 
ential treatment might be expected to affect the moisture relations of the 
plant, this basis, like the customary dry-weight basis, is unsatisfactory. 
They suggest that when it can be safely assumed that the variation in 
the basic dry weight during the experiment is due to variation in labile 
carbohydrates, a logical procedure is to base analyses on the so-called 
residual dry weight, i.e., the total dry weight minus these carbohydrates. 
Changes in nitrogen or ash constituents are assumed to be proportionately 
too small to produce appreciable effects on the data. The applicability of 
the method is limited to experiments involving mature tissues and extend- 
ing over short periods of time during which the residual dry weight can be 
assumed to be practically constant (36). 

In the present investigation, use of the fresh-weight basis was unsatis- 
factory because of uncertainty as to the constancy of the water relations 
under the different experimental conditions, and also because of the small 
magnitudes of some of the percentages. The use of the residual dry weight, 
the most logical in some respects, was precluded by the fact that the experi- 
ments were of long duration and involved rapidly growing plants, with 
every likelihood of variability of constituents other than labile carbohy- 
drates under the different experimental conditions (36, 37). The total dry 
weight was also unsatisfactory because of its obvious inconstaney. Never- 
theless, in the absence of a better method, the data are reported on this 
basis, which has the advantage of being the one most commonly used. It 
introduces magnifying effects in some instances and compensating effects in 








HURD—KARRER AND DICKSON: GROWTH AND CHEMISTRY OF WHEAT 539 


others, but the trends shown by the data as calculated by all three methods 
are, in general, the same. In table II and III, where a discrepancy in the 
trend of nitrogen with temperature appeared which seemed related to a 
concomitant variation in the dry weights, the results as caleulated by both 
residual and total dry weights are reported. 

The symbol C-h/N is used in the tables to denote the ratio between the 
total carbohydrates and the nitrogen percentages. 


Growth responses 


The control plants with the natural length of day produced the best 
growth and yield in both the spring and the winter varieties. The plants 
all grew more vigorously at the low (10°-12°) than at the high (21°—23°) 
temperature. Thus the best plants of both varieties were the natural-day 
control plants of the low-temperature house. The degree of injury pro- 
duced by the unfavorable factors—the lengthened light period, the short- 
ened light period, and the high temperature—differed markedly in the two 
varieties. 
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Fig. 1. Hard Federation wheat sown Feb. 25, 1930, photographed at age of 1 
month (21°-23° C.): 
A, short (8-hour) day 
B, natural (12-hour) day 
C, long (18-hour) day; supplementary light, 15-50 foot-candles 
D, long (18-hour) day; supplementary light, 100 foot-candles. 
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The long daily light period forced the plants of the spring variety, Hard 
Federation, into heading so rapidly that at both temperatures there was 
insufficient vegetative development for normal head and grain formation. 
The plants were short and stunted in appearance at maturity, with reduced 
tillering and with small leaves and heads. Plants of Turkey, the winter 
variety growing beside them, were less sensitive to the forcing action of the 
long day, and, at the low temperature, appeared normal except for a reduc- 
tion in number of tillers. In fact, their average weights of grain per head 
and their average kernel weights exceeded those of the control plants 
(table I), but their smaller number of tillers lowered their total yield. 


| 
TABLE I 
EFFECTS OF ENVIRONMENTAL FACTORS ON HEAD AND KERNEL DEVELOPMENT OF Harp 
FEDERATION AND TURKEY WHEAT, 1930* 






































Son, HARD FEDERATION TURKEY 
DAY LENGTH 
REACTION | 10°-12° C. | 21°-23° C. | 10°-12° C. | 21°-23° C. 
| Weight of grain from 100 heads 
| pH gm. gm. gm. 
Short (8 hours) ccc . ae 78.51 40.46 0 nt 
': @2 74.65 34.42 0 n 
Natural (9.5-15 hours) ........ 7.0 117.40 88.30 104.40 f 
| 8.1 135.59 101.89 96.09 f 
Long (18 hours) o.com 7.0 3.07 20.68 118.80 f 
(15-50 foot-eandles) ..| 8.1 3.48 16.94 121.73 f 
Long (18 hours) ccm | 7.0 7.85 22.85 120.34 f 
(100 foot-candles) ........ 8.1 6.73 120.69 f 
| Weight of 100 kernels 
Short (& hours): ..................... 7.0 3.40 Oe ere | 
8.1 3.63 ee = retarees | ris 
Natural (9.5-15 hours) ........ 7.0 4.92 4.08 See 
8.1 4.91 4.02 ae Gen 
Long (18 hours) .....ccccccco 7.0 4.51 3.24 4.33 
(15-50 foot-eandles) ... 8.1 4.39 3.14 BTS aes 
Long (18 hours) .....cccccccccseoe 7.0 4.77 3.33 Sh ere 
(100 foot-eandles)  ........ 8.1 4.85 Se Te oe 








* Temperatures were maintained during first four months only. 
tn, no heads formed; f, few heads formed, mostly sterile. 


At the low temperature, the short daily light period produced large 
vegetative plants in both varieties, with increased tillering and leaf develop- 
ment and retarded heading and maturation, as compared with the controls 
with the natural day. The winter variety was more injured than was the 
spring variety at this day length, its heads being completely sterile. 
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At the high temperature, heading in Turkey was almost completely 
inhibited at every day length, whereas Hard Federation produced almost 
as much grain at this temperature as at the lower one, although the plants 
were all shorter. 

The extreme susceptibility of Hard Federation to the forcing action 
of the long day is shown in figures 1 and 2. Owing to the difficulty of 


ita 
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Fig. 2. Hard Federation wheat sown Feb. 25, 1930, photographed at age of 2 
months (21°-23° C.): 
A, short (8-hour) day 
B, natural (13-hour) day 
C, long (18-hour) day; supplementary light, 15-50 foot-candles 
D, long (18-hour) day; supplementary light, 100 foot-candles. 
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photographing the plants in the benches, those shown in these figures were 
grown in pots for the pictures, the soil being covered with a layer of white 
sand. In figure 1 is shown the rapid development of the long-day plants 
and the increased tillering of the short-day plants. In figure 2 some of 
these plants are shown a month later when those of the long day were past 
flowering. The control plants (B) with the natural day were in an early 
shooting stage, and the short-day plants (A) were still in the tillering stage. 
Subsequently the height of both the short- and the natural-day plants 
greatly surpassed that of the long-day plants (C, D). 
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Fie. 3. Turkey (left) and Hard Federation (right), sown Dec. 5, 1929, photo- 
graphed at age of 1 month (10°-12° C.): 
A, short (8-hour) day 
B, natural (9.5-hour) day 
C, long (16.5-hour) day. 
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A conspicuous modification of growth habit induced by the long day 
was the inhibition of the reeumbent type of growth, normally characteristic 
of fall sowings of Turkey and similar varieties during the winter months 
(28). Only at the shorter day lengths, 7.e., the artificial one of 8 hours 
and the natural winter day of about 10 hours, did the plants become re- 
cumbent. The resulting difference in the appearance of the plants near the 
time of the first samplings is shown in figure 3. At the short and at the 
natural days the Turkey plants are shown in the prostrate condition with 
the erect plants of Hard Federation beside them (A, B). At the long day 
(C) Turkey was as erect as Hard Federation, never having passed through 
a prostrate stage. 
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Fig. 4. Diagrammatic representation of growth responses of a spring (Hard Fed- 
eration) and winter (Turkey) wheat to short (8-hour), natural (9.5 to 15-hour), and 
long (17-hour) days at low (12° + 1°) and high (21° + 1°) temperatures. Heights are 
drawn to scale from averages. The number of verticals with. dots shows the average 
number of fertile tillers per plant, and those without dots, the sterile tillers. Relative 
yield per head is roughly shown by small, medium, and large dots on the verticals. Leafy 
sterile plants of Turkey with few or no culms are represented by groups of spreading 
lines, 
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The increase in soil alkalinity from pH 7.0 to pH 8.1 in the limed end 
of each bench had no appreciable effect on the growth or rate of develop- 
ment of the plants of either variety. The difference in the intensity of the 
supplementary illumination prevailing in the two long-day benches of each 
house also produced no visible differences in the plants. 

A general characterization of the type of growth of each lot of plants 
is given in the tables beside the corresponding chemical data. Data on 
head and kernel development are recorded in table I. Average growth 
measurements for similar plants grown under approximately the same 
conditions are represented diagrammatically in figure 4, which shows the 
relative height, number of fertile and sterile tillers, and relative yield of 
grain of both varieties under the six different conditions of day length and 
temperature. Detailed descriptions of these plants are reported else- 
where (29). 


Results of chemical analyses 


1. EFFECTS OF DAY LENGTH ON CARBOHYDRATES, NITROGEN, 
AND PH VALUES OF WHEAT LEAVES 





YounG PLANTS.—The data in tables II and III show that in young 
plants of both varieties there was generally a positive correlation between 
the amount of carbohydrates in the tissues and the length of the daily 
period of illumination. The glucose fraction varied directly with day 
length without exception in Turkey (table II), but with less consistency in 
some groups of Hard Federation (table III). The data on sucrose were 
not consistently correlated with day length in either variety. The figures 
for total sugar, acid-hydrolyzable material, and total carbohydrates leave 
no doubt but that the long day tended to bring about an increase in these 
compounds and that the short day tended to decrease them. The accumu- 
lation of sugar brought about by the 17-hour day was especially great in 
the low-temperature plants of Turkey (groups 1 and 3 of table IT). 

The effect of day length on the percentage of nitrogen in the tissues 
was the opposite of the effect on carbohydrates. Without exception the 
short light period increased it and the long one decreased it, in comparison 
with the control plants with the natural day. That the low nitrogen con- 
tent of the long-day plants might have been responsible for their type of 
growth is suggested by the similarity between some of their abnormalities— 
such as reduced tillering, decreased vegetative growth, hastened maturation, 
and, in Turkey, increased weight of individual kernels—and the abnormali- 
ties caused by deficient nitrogen supply (11). 

The data obtained by Garner, Bacon, and Auuarp (18), showing that 
shortening the day increases the sugar content of cosmos (which flowers 
with a short day) while lengthening the day increases the sugar content 
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of radish (which flowers with a long day), suggest that the effects of day 
length on carbohydrates vary with the photoperiodic characteristics of the 
species, or variety, thus offering a possible explanation for some of the 
conflicting reports in the literature on this subject. Wheat is a long-day 
plant. The evidence from the present study and from that of ARTHUR, 
GuTHRIE, and NEWELL (1), pointing to a direct relationship between day 
length and carbohydrate content in wheat, is therefore consistent with this 
generalization. 

The pH values given in tables II and III show that in Hard Federation 
at the low temperature (groups 5, 7) there were no consistent effects of 
day length on acidity ; but at the high temperature, and, in Turkey, at both 
temperatures, the shortened light period generally increased and the length- 
ened one decreased the pH value of the juice. This relation is consistent 
with GARNER, Bacon, and ALLARD’s report (18) that, in long-day plants, 
exposure to a short light period results in the acidity remaining at a low 
level, while exposure to a long one commonly causes it to increase. 

HEADING PLANTS.—In tables IV and V are given the results of analyses 
for each lot of plants when they reached the heading stage, or, in the case of 
those which did not head, an advanced age. The plants of the different day 
lengths constituting each group could not be sampled on the same day, as 
they had been at the earlier samplings, because of their widely different 
rates of development. Each lot of plants was therefore sampled when the 
majority of the heads had emerged from the boot, with the earliest ones 
flowering. 

Environmental conditions had changed considerably for these older 
plants. The controls, subjected to the natural light period, were receiving 
from 13 to 15 hours of light per day, depending on the date of cutting, in- 
stead of the 10 hours or less that they had received in the winter months. 
Temperature control had to be discontinued the second week of April, by 
which time only the most rapidly developing plants of Hard Federation had 
reached the heading stage. The rest were therefore subjected to consider- 
ably higher temperatures for various periods, depending on their dates of 
heading. The approximately 10° difference between the low- and high- 
temperature houses, maintained during the first four months, was reduced 
to 5°. The light intensity had of course increased during the spring 
months. The environments were thus quite different from those responsible 
for the results in tables IT and III. 

Unlike the data on the younger plants, those obtained at heading time 
did not show the regular trends of increasing carbohydrates and decreasing 
nitrogen percentages with increasing day length. In Turkey (table IV) 
there was still a definitely higher total sugar and total carbohydrate con- 
centration in the leaves of the plants with the long day, but this relation no 
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554 PLANT PHYSIOLOGY 


longer appeared consistently in the data for Hard Federation (table V). 
In the latter variety the leaves of the 8-hour-day plants still had the lowest 
sucrose and total sugar values in every group, but they had the highest 
percentages of acid-hydrolyzable carbohydrates. In fact, the acid-hydro- 
lyzable fraction of the leaves of Hard Federation decreased as regularly 
with increasing day length in every group of the heading plants as it had 
increased in the case of the younger plants of table III. 

The pH values of the leaf juice of the heading plants of tables IV and V 
were highest in the case of the rapidly maturing plants of the long day. 
This relation has no significance so far as day length effects are concerned, 
inasmuch as the long-day plants were much the youngest at the time of 
cutting. The pH value decreases with age during the maturation period 
(24, 25, 26). The tendency of the carbohydrates to increase and the nitro- 
gen percentages to decrease with age may have similarly obscured the rela- 
tions between these constituents and day length that had appeared so dis- 
tinetly at the earlier growth stage. 

A marked difference between the chemical composition of the leaves and 
culms is shown by the carbohydrate and nitrogen percentages given in tables 
IV and V. The culms of both varieties under all the different environmen- 
tal conditions were characterized by relatively high carbohydrate and low 
nitrogen percentages. The glucose percentages were generally from two to 
three times as high in the culms as in the leaves. The percentages of acid- 
hydrolyzable material were also consistently higher in the culms. The 
nitrogen content of the culms was not over one-half and usually but one- 
third or less of the amount in the leaves. There was but little difference 
in the pH values. 

OUTDOOR EXPERIMENTS.—Through the courtesy of Mr. H. A. Auuarp of 
the Bureau of Plant Industry, space was made available for growing some 
wheat plants under outdoor conditions identical with those obtaining in his 
day-length investigations (16, 17). Plants of Hard Federation were 
grown in deep flats placed on trucks which were pushed in and out of light- 
tight houses at stated hours each day so as to provide 8-, 10-, and 12-hour 
light periods. The control plants with the natural day, which increased 
from 12 to 14 hours during the experiment, were left in the open con- 
tinuously. The plants from each condition were cut on May 9, 1930, in the 
tillering stage, at the age of 7 weeks. The culms were just beginning to 
elongate at the two shorter day lengths, and some had reached heights of as 
much as 6 em. at the two longer ones. Analyses of the leaves are reported 
in table VI. 

The data show the same increase in carbohydrates and decrease in 
nitrogen with increasing length of the daily light period as shown by the 
young greenhouse plants of tables II and III. 
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TABLE VI 
EFFECTS OF DAY LENGTH ON CARBOHYDRATES, NITROGEN, AND PH VALUES OF THE LEAVES OF 
YOUNG, OUTDOOR HARD FEDERATION PLANTS SOWN MArcH 24, cuT May 9, 1930 
[CARBOHYDRATE AND NITROGEN DATA EXPRESSED AS PERCENTAGES OF TOTAL DRY WEIGHTS | 

















| - ¥ | | | 
| BA | 
pa he | ee 
# Be 2 2% } | 6a 
DayLenctH | 3:3 3 hee op . | ls 
BAe Z 2 m bse | oe | [5 
FoR ° 2 4 Roe & a< s |) 
o < Qaf® < Ps i ° 
Ree; 8 | & | § |B8el Be | E | F Io 
ASE! B = 4324/1 en Z Oo \le 
hrs. % | %| & | % | % % | % | 
Ws eae 13.42 2.40 2.50 4,82 10.37 15.55 4.90 3.17 | 5.74 
BD hoch 13.63 2.52 3.36 5.88 10.36 16.24 4.68 3.47 | 5.73 
|. SENOS eto 15.08 2.70 2.62 5.31 12.07 17.39 4.04 4.30 | 5.72 
14 (control) ... 15.66 2.94 2.98 5.92 13.13 19.05 3.97 4.80 | 5.69 





























The carbohydrate percentages in table VI are of the same order of mag- 
nitude as those shown by table III to characterize the young greenhouse 
plants of this variety. The nitrogen percentages and the pH values were 
lower than in the greenhouse plants. Data of other experiments also have 
shown a general tendency toward lower nitrogen and pH values, and higher 
dry weights and sugar percentages, in field plants as compared with green- 
house plants, although the differences are not large. 


2. EFFECTS OF INTENSITY OF SUPPLEMENTARY LIGHT 


The appearance and rate of development of the plants immediately 
under the lights supplying the supplementary illumination for the long- 
day condition, where the light intensity was approximately 100 foot-candles, 
did not differ from that of the plants in the adjacent bench in which the 
light intensity was only 15 to 50 foot-candles. Height, tillering, dates of 
heading, and maturation of both varieties were alike in the two benches. 
On analysis, however, it was found that there was a small increase in total 
carbohydrates in the plants with the more intense supplementary illumina- 
tion in all but one of the eight groups in tables II and III. None of the 
sugar fractions showed this relation consistently. Thus the increase was 
largely due to increased percentages of the acid-hydrolyzable material. 

The percentage of nitrogen in the long-day plants with the higher sup- 
plementary light intensity was generally slightly lower than in those with 
the lower intensity. There were no differences attributable to this factor in 
the pH values. 
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In the older plants of tables IV and V there were no consistent differ- 
ences in any measurement attributable to the difference in light intensity. 


3. EFFECTS OF SOIL REACTION 


In all but the low-temperature groups of Turkey (groups 1 and 3), the 
data for both varieties in tables II and III showed markedly lower carbo- 
hydrate percentages in the plants of the more alkaline soil (pH 8.1) than in 
those of corresponding day lengths and temperatures from the neutral soil 
(pH 7.0). The total sugar percentages for the unlimed plants were ap- 
proximately twice those of corresponding plants from the limed soil. The 
difference was mostly due to a reduction in sucrose in the limed plants, 
although there was an appreciable reduction in glucose also. BystTRIKOV 
(7) found that increases in soil alkalinity between pH 5.7 and 7.8 brought 
about progressive decreases in monosaccharides, although his total sugar 
percentages were not affected. 

The acid-hydrolyzable material was not reduced by liming. In fact, there 
was frequently a slight increase in this fraction in the plants of those groups 
whose sugar contents were reduced, thus accounting for the proportionately 
lesser reductions in the total carbohydrate figures than in the sugar per- 
centages. 

The young plants of the limed soil with the low sugar percentages gen- 
erally had somewhat higher nitrogen percentages. These data, including 
those of the low-temperature plants of Turkey which showed neither the 
decrease in sugar nor the increase in nitrogen with the limed soil, constitute 
an illustration of the frequently found inverse relation between the carbo- 
hydrate and nitrogen percentages. 

The data for the older plants (tables IV and V) showed no consistent 
effects of soil reaction on these constituents. 

There were no consistent differences in the pH values for corresponding 
plants from the limed and unlimed soils, either in the case of the young 
plants (tables II and III) or in those that were heading (tables IV and V). 
In some groups (table III) the values for corresponding plants from the 
limed and unlimed ends of the benches were alike within a few hundredths 
of a pH unit. It has been suggested previously (24) that liming the soil 
probably increases the pH value only when it favorably affects the growth 
and vigor of the plant. In the present experiment the lime had no visible 
effect on growth or rate of development, so an absence of effect on the pH 
value might therefore be expected. 


4. EFFECTS OF TEMPERATURE 


Youne PLANTs.—Table II shows a relatively enormous accumulation of 
sugar at the low temperature in the plants of the winter variety, at all day 
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lengths. In the neutral soil the low-temperature plants had from two to 
more than three times as much total sugar, and those in the limed soil six 
to eight times as much, as did the corresponding plants grown at tempera- 
tures about 10° higher. Both glucose and sucrose were higher in the low- 
temperature plants, but the difference in sucrose was the more extreme. 
The acid-hydrolyzable fraction did not differ appreciably at the two tem- 
peratures. Evidently the hemicellulose, which constitutes the largest part 
of this fraction, is more easily affected by day length than by temperature. 

The low-temperature plants of the spring variety (table III) did not 
have the high carbohydrate contents so characteristic of the winter variety 
growing beside them. In fact, there was no significant difference between 
the low- and high-temperature plants of this variety with respect to any 
of the carbohydrate fractions. Thus it would seem that the carbohydrate 
metabolism of Turkey was more affected by both temperature and day 
length than was that of Hard Federation. 

In Hard Federation (table III) the percentage of nitrogen was less 
at the high than at the low temperature in every group. In Turkey (table 
II) this relation did not always hold for percentages based on the total dry 
weight of the tissues, because the large accumulation of carbohydrates, 
especially in the long-day plants, resulted in disproportionately high total 
dry weights for the plants of the low-temperature groups of this variety 
(groups land 3). While this difference in the dry weights merely reduced 
the contrast in the carbohydrate percentages at the two temperatures, in 
some groups it completely obscured the usual difference in nitrogen found 
in preceding experiments—and in the other variety of the present experi- 
ment (table III)—in which there were no large accumulations of carbohy- 
drates at the low temperature. When the inequalities in the dry weights 
were partially corrected by calculating the data on the residual dry-weight 
basis, the usual inverse correlation of nitrogen with temperature appeared 
consistently in Turkey as well as in Hard Federation. This relationship 
was shown also by the calculations based on the fresh weight, not reported 
in the tables. 

The pH values of the juice of plants from corresponding day lengths 
were lower at the high than at the low temperature, excepting those of 
Turkey from the alkaline soil (groups 3 and 4 of table II). In previous 
experiments (27), and in others not reported here, lower values were con- 
sistently obtained at the higher temperatures, the difference being espe- 
cially marked in Turkey. The evidence has indicated that increasing the 
temperature above the optimum for wheat tends to increase the acidity of 
the leaf juice by an amount which varies with the susceptibility of the 
particular variety to high-temperature injury (27). 

HEADING PLANTS.—In the older plants of Hard Federation (table V), 
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as in the young plants of this variety (table III), there were no definite 
effects of temperature on the carbohydrate content. In the case of Turkey 
(table IV), however, the low-temperature plants continued to have the 
higher carbohydrate percentages, as they had had in the tillering stage 
(table II). The high-temperature plants of this variety (groups 2 and 4 
of table IV), which failed to head and were cut while still in a leafy tiller- 
ing stage after most of the others had been harvested, were generally char- 
acterized by relatively low concentrations of sucrose and relatively high 
concentrations of glucose. 

Neither the nitrogen nor the pH values showed the differences due to 
temperature which had been so apparent in the young plants. The general 
absence of positive environmental effects on the chemical constituents of the 
older plants no doubt was due partly to the procedure of cutting the plants 
at different times as each lot reached the heading stage. It seems probable 
(12, 13, 47, 48, 49) that, at temperatures below 20° C., where wheat pro- 
duces the best growth, the amounts of carbohydrates and nitrogenous com- 
pounds in the tissues are generally highest, but that exceptions to the gen- 
eralization will be found as long as there are uncontrolled factors in the 
experiment. 


Discussion 


The problem in the foreground throughout these investigations, and the 
one which initiated them, was the determination of the chemical organiza- 
tion responsible for, or associated with, a particular type of growth. The 
various conditions of day length and temperature produced widely dif- 
ferent types of plants, varying from the small, rapidly maturing plants of 
the spring variety at the long day to large, slowly maturing, vegetative 
types at the short day; from vigorous plants with a normal yield of grain 
at the natural day and low temperature to vegetative plants with culm 
elongation completely inhibited, such as those of the winter variety at the 
high temperature. 

The data in tables II and III show that the leaves of the young, rapidly 
developing plants of the long day, which subsequently flowered at an ab- 
normally early age, had the highest carbohydrate and lowest nitrogen per- 
centages, and that those of the highly vegetative plants of the short day had 
the highest nitrogen and the lowest carbohydrate percentages. The acceler- 
ated heading at the long day was associated with very low yield of grain 
in Hard Federation, although with excellent yield in Turkey; and the vege- 
tative condition at the short day was associated with fair yield in Hard 
Federation and with sterility in Turkey (table I). Thus there was no 
relation between the carbohydrate or nitrogen percentages and the subse- 
quent yields of grain. 
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In the older plants of tables IV and V the carbohydrate and nitrogen 
percentages of the leaves bore no consistent relation to the type of growth. 
The leaves of the rapidly maturing long-day plants of Hard Federation 
(table V), which gave very low yields of grain (table I), had somewhat 
higher nitrogen values than the other plants of their respective groups; 
but the differences do not seem large enough to offer a satisfactory explana- 
tion of the extreme differences in growth habit and grain yield, and in fact 
are more probably due to the younger age at which the plants headed and 
were sampled. Nor were there any distinctive relationships characterizing 
the leaves of the vegetative short-day plants of Turkey whose heads failed 
to flower. 

The leaves of the high-temperature plants of Turkey (groups 2 and 4 
of table IV), most of which failed to produce heads and which were 
sampled at a late date while still in an abnormal leafy condition from 
which the plants never emerged, had total carbohydrate and nitrogen 
percentages of the same order of magnitude as were found in the leaves of 
the normal heading plants of the other groups. However, all of these 
sterile plants except those of the short day were characterized by unusually 
high glucose and low sucrose values. In the heading plants of both varie- 
ties the percentages of sucrose in the leaves were considerably higher than 
those of glucose ; but in these vegetative, non-heading plants there was more 
glucose than sucrose in the leaves of all except the short-day plants. It is 
not believed that this relation has any general significance in connection 
with the tendency of the plant to produce grain, because there was no 
correlation of the glucose/sucrose ratio with fruitfulness in the other groups 
where poor yields were due to unfavorable light periods instead of to high 
temperatures. 

Thus no consistent correlations were found between the grain produc- 
tion of the plants and the analyses of the leaves. However, the culm 
analyses of Hard Federation showed that the highest glucose concentration 
occurred consistently in those plants grown with the natural day where 
grain yield was highest (table V). The nitrogen percentages were gen- 
erally somewhat lower in these culms than in those of the less fruitful plants 
of the short and long days. Unfortunately for a generalization, however, 
the culms of the heading plants of Turkey (groups 1 and 3 of table IV) 
did not show a correlation of glucose with fruitfulness, although the nitro- 
gen percentages were again lower in the fertile culms of the natural- and 
long-day plants than in the sterile ones of the short-day plants. 

NIGHTINGALE (39) found that the growth responses of tomato, salvia, 
and several other horticultural plants to different day lengths were corre- 
lated with the relative rather than with the absolute amounts of carbo- 
hydrates and nitrate-free nitrogen they contained. Other investigators 
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(10, 38, 45, 46) have expressed the opinion that the carbohydrate/nitragen 
ratio would be found to explain the day-length responses of the plants with 
which they were working. From the chemical analyses of wheat, barley, 
oats, millet, and other plants made by ArTHUR, GUTHRIE, and NEWELL (1) 
and by Boropin (5) however, it would seem that the effects of day length 
are not brought about by its effect on the carbohydrate/nitrogen ratio. 
Other evidence of limitations of the theory in explaining particular growth 
responses in terms of specific carbohydrate/nitrogen ratios has accumu- 
lated (2, 19, 20, 40, 50), suggesting that under many circumstances the 
proportionate amounts of these two classes of compounds reveal the physio- 
logical balance of the plant in only a general way. 

In the present investigation the relatively low carbohydrate-nitrogen 
ratios of the leaves of the young plants which were subsequently more 
fruitful than those with higher ratios (table III), the normally high ratios 
found in the leaves of the vegetative high-temperature plants whose head- 
ing was largely inhibited (groups 2 and 4 of table IV), and the generally 
negative results with the leaves of the older plants, are not in accordance 
with the correlations which have sometimes been found between this ratio 
and fruitfulness in other plants. It may be significant that in the leaves 
of the young plants of both varieties there was always within each group 
a direct correlation of the magnitude of the ratio with rate of development ; 
i.e., the highest ratios in both varieties characterized the long-day plants, 
whose flowering was abnormally accelerated and whose vegetative develop- 
ment was inadequate, and the lowest ratios the highly vegetative short-day 
plants whose development was retarded; but it should be pointed out that 
since the plants of each group were sampled on the same day the long- 
day plants were in a more advanced stage of development. Only in the 
culms was there a consistent relationship between the magnitude of the 
ratio and the amount of grain produced by the plant (cf. table I). In 
Hard Federation, the culms of the long-day plants which produced the least 
grain had, without exception, the lowest ratios of each group, and those of 
the natural-day plants with the highest grain production had the highest 
ratios. In Turkey, both the natural- and the long-day plants at the low 
temperature gave good yields of grain, and the carbohydrate/nitrogen ratios 
of their culms were much higher than were those of the short-day plants 
which were sterile. 


Summary 


1. The leaves of young wheat plants, sampled at the same age in the 
tillering stage, had the highest carbohydrate and lowest nitrogen percent- 
ages at the long day, which accelerated culm elongation and flowering in 
both varieties investigated (Hard Federation, a spring wheat, and Turkey, 
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the winter variety). The lowest carbohydrate and highest nitrogen per- 
centages were found at the short day, which retarded heading in both 
varieties and resulted in large vegetative plants, with reduced yield of grain 
in Hard Federation and complete sterility in Turkey (tables II, III, and 
VI). 

2. Supplementary light of relatively high intensity (100 foot-candles) 
resulted in higher percentages of acid-hydrolyzable material, and conse- 
quently of total carbohydrates, and lower percentages of nitrogen, than 
the weaker light (15 to 50 foot-candles). There were no effects of this 
difference in light intensity on the external appearance or rate of develop- 
ment of the plants (tables II and III). 

3. The sugar content of the young plants of the limed plots with a soil 
reaction of pH 8.1 was generally much reduced, and the acid-hydrolyzable 
material somewhat increased, compared with that of plants of the neutral 
soil. The nitrogen percentages were generally highest in the plants whose 
sugar content was reduced. The difference in soil reaction produced no 
visible effects on the appearance or rate of development of the plants (tables 
II and IIT). 

4. The young plants of Turkey contained much more sugar, largely 
sucrose, at the low temperature where growth was normal than at the high 
temperature where the plants failed to head. In the case of Hard Fed- 
eration, which headed and yielded fairly well at both temperatures, there 
was no significant difference in any of the carbohydrate fractions due to 
temperature. In neither variety was there any difference, attributable to 
temperature, in the acid-hydrolyzable material (tables II and III). 

5. The nitrogen percentages of the young plants were higher at the low 
than at the high temperature, except in groups 3 and 4 of table II, but 
these also showed the higher percentages at the lower temperature when 
calculated on the residual or fresh-weight basis. 

6. pH values of the juice of the young plants were generally highest at 
the short day and at the low temperature and lowest at the long day and 
the high temperature. They were not affected appreciably by the differ- 
ences in light intensity or soil reaction (tables II and III). 

7. These various relations between chemical composition and environ- 
mental factors which appear in the data for the young plants were fre- 
quently not found in the older plants, which were sampled on different 
days as they reached the heading stage (tables IV and V). 

8. The leaves of Turkey at the high temperature, where culm elongation 
was largely inhibited in this variety, had total carbohydrate and nitrogen 
values of the same order of magnitude as were found in the leaves of the 
normal heading plants of the low temperature. The only peculiarity noted 
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in the leaves of these non-heading plants was their unusually high glucose- 
sucrose ratios (table IV). 

9. Such correlations as were found between carbohydrate and nitrogen 
values and fruitfulness occurred in the culm analyses only, and had no 
counterparts in the leaf analyses. The culms of the natural-day plants 
of Hard Federation, which at both temperatures produced relatively high 
yields of grain compared with those of the short and long days, were con- 
sistently characterized by the highest glucose contents and lowest nitrogen 
percentages, and the highest carbohydrate/nitrogen ratios. Both the 
natural- and long-day plants of Turkey at the low temperature gave high 
yields of grain, and their culms were likewise characterized by high carbo- 
hydrate/nitrogen ratios as compared with those of the sterile short-day 
plants (tables IV and V). 


The writers are indebted to Mr. DanteL Reapy for the nitrogen analyses, 
to Mr. E. A. Srecuer for suggestions responsible for the diagram in figure 4, 
and to Dr. Mary E. Rei for suggestions in connection with interpretation 
of the data. 
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PHYSIOLOGICAL ASPECTS OF THE EFFECT OF CONTINUOUS 
SOIL AERATION ON PLANT GROWTH" 


W. F. LoEHWING 


Introduction 


The experiments here reported deal with the effects of continuous 
aeration of sand and soil cultures. They are the outgrowth of nutritional 
studies which suggested that the beneficial effect of certain fertilizers was 
ascribable to the production of larger root systems and increased absorption 
of nutrients. Since it was known that soil aeration would increase the bulk 
of root systems, experiments were undertaken to determine whether it was 
thereby possible to duplicate the results of certain fertilizer treatments and 
thus disclose that such nutrients acted indirectly by enlargement of the root 
system. The results of the aeration experiments are reported separately 
because they reveal significant effects of soil air on plant metabolism. Data 
from nutritional studies will appear elsewhere. 

CANNON and CLEMENTS have reviewed the earlier literature on plant 
responses to soil aeration, and they have extended our knowledge of that 
subject by a comprehensive set of experiments of their own (19, 24). The 
existing data indicate that the growth of most roots depends upon free soil 
oxygen (12, 39, 45) although some roots can develop anaerobically (16). 
Anaerobie roots are characteristically devoid of root hairs (16, 18, 41) and 
consequently absorptive processes differ from those of typical roots (26, 28). 
Even those roots with low soil oxygen requirements, however, are readily 
injured by moderately high concentrations of soil carbon dioxide (14, 15, 
27, 37). Relatively high oxygen tensions are needed to offset otherwise 
toxic carbon dioxide concentrations about roots (17). 

Improper composition of soil air manifests itself in reduced, slow-grow- 
ing root systems, inadequate absorption, short-lived, discolored foliage and 
delay or failure of reproductive processes (1, 11, 19, 30, 34). The symp- 
tomatic complex arising from impaired gas exchange of roots reflects a 
general reduction in rate and magnitude of normal absorptive and growth 
processes. The great bulk of existing evidence thus indicates that roots 
are sensitive to variations in soil air. It also suggests that experimental 
manipulation of soil atmosphere provides an effective means of studying 
the réle of root systems and their effect on the metabolism of the plant as 
a whole. It must be noted, however, that the preponderance of existing 
data deals chiefly with minimal oxygen requirements, carbon dioxide toler- 
ance, and a general description of gross anatomical changes induced as 


1 An investigation aided by a research grant from the National Chapter of the 
Society of Sigma Xi. 
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eritical concentrations of both gases are approached. The general char- 
acter of the results of earlier workers nevertheless suggests that root ac- 
tivity is influenced fully as much by soil air as by water and essential 
mineral nutrients. The data given here indicate some of the metabolic dif- 
ferences between aerated and unaerated plants. 


Procedure 


The experiment comprised a double series of pot cultures, one of which 
contained coarse quartz sand and the other an ordinary fertile field loam. 
Two-gallon, glazed earthenware jars were provided with a tubed 3” x 3”x I’ 
porous basswood block to distribute the air supply. Pots of the sand series 
were filled with 12 kg. of sand and each uniformly aerated with a con- 
tinuous stream of air approximating 100 liters daily. The main air stream 
was scrubbed by bubbling through two 10-liter bottles partly filled with 
water. These bottles also served to regulate the pressure and to humidify 
the air, thus maintaining the soil moisture of aerated pots very nearly 
equal to that of controls. Use of dry air was found to cause injury largely 
through its evaporational effect even at rather low rates of aeration. Hu- 
midity and rate of flow were further regulated by interposing a smaller 
water bottle between each pot and the main air supply (6). Sand cultures 
were initially given 500 ce. of a neutralized Knop’s nutrient solution which 
was gradually brought up to a total of 1500 ee. at the end of the first month. 
The soil solution varied between pH 7.4 and 7.0 during the course of the 
experiment. 

All pots were maintained at approximately constant weight by water- 
ing as needed. A control series was similarly treated except that aeration 
was omitted. A second series employing 10 kg. of fertile loam was also 
aerated in the foregoing manner in order to determine the effect of differ- 
ence in soil type. Dwarf sunflowers (Manus variety) were used in both 
sand and loam cultures as well as inoculated Ito San soy beans in loam. 

Initial analyses were made four weeks after germination while the plants 
were still in the vegetative phase. The final analyses were made in seven 
to nine weeks when the plants were in flower but before fruits had appeared. 
Sand and soil were carefully washed out of the jars in order to harvest the 
entire plant with minimum injury to the root system. Plants were sepa- 
rated into tops and roots by cutting at the ground line. Roots were ecare- 
fully freed of solid matter, rinsed in distilled water, blotted, and allowed 
to air-dry for 30 minutes. Fresh weights were recorded and tissues were 
then comminuted by hand or Nixtamal mill. 

Material for carbohydrate and nitrogen analyses was preserved in 80 
per cent. alcohol. Soluble carbohydrates were first hydrolyzed and the 
precipitated copper estimated as glucose according to official methods (10). 
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The insoluble residue was refluxed with hydrochloric acid and further 
analyzed as starch (10). Nitrogen of dry material and sap was deter- 
mined by the Kjeldahl-Gunning method. Calcium was titrated as oxalate 
against permanganate. Magnesium and phosphorus were estimated colori- 
metrically as phosphates in a solution made up of ammonium molybdate, 
sodium sulphite, and hydroquinon. Potassium was precipitated as chloro- 
platinate and iron estimated colorimetrically in amyl alcohol as thiocyanate. 

Tissue for sap analyses was placed in sealed vials, immediately frozen 
at —60° C. in dry ice. Tissue was rapidly thawed prior to extraction. 
Sap was expressed hydraulically and filtered through a double cloth filter 
at 10,000 pounds’ pressure. Conductivity, hydrion, buffer, and oxidation 
measurements were made at 25° C. and these determinations as well as the 
freezing-point depression were commenced immediately after extraction of 
the sap (35). 

Sap samples were immediately cleared, acid-hydrolyzed, and analyzed 
for reducing components which are recorded as glucose. Oxidase activity 
was determined colorimetrically with an indophenol reagent freshly pre- 
pared for each determination as follows: 0.144 gm. alpha-naphthol was 
dissolved in 10 ce. of 95 per cent. alcohol; then 0.209 gm. p-phenylene- 
diamine-hydrochloride was added and the whole made up to 250 ee. with 
water, and finally neutralized with anhydrous sodium carbonate. Exactly 
1 ec. of sap was added to 50-ce. portions of the reagent and permitted to 
stand for one hour in a 400-ce. beaker. Controls were similarly prepared 
except that sap was omitted. After standing for one hour, 50 ee. of 95 
per cent. alcohol were added to dissolve the indophenol; both control and 
test sample were compared colorimetrically with a color standard contain- 
ing 0.353 gm. indophenol per liter. Test samples generally showed forma- 
tion of larger amounts of indophenol, and this quantity minus that formed 
in the controls is expressed in the tables as grams of reagent oxidized per 
liter of sap per hour. 

Hydrion and buffer capacity were measured potentiometrically with a 
calomel half-cell and hydrogen electrode. Two 4-ce. samples of fresh sap 
were used for the acid and the alkali buffer curve respectively and the pH 
recorded after successive additions of 0.5-ce. portions of N/40 acid and 
alkali respectively. Osmotic pressures were computed from depression of 
the freezing-point determined by the Beckman method (35). 


Data on sunflowers 


The analytical data for sunflowers in the sand and loam series (tables 
I, II) disclose a general increase in size and weight of roots as well as tops 
in the aerated cultures. Seedling development is accelerated by aeration 
and the precocity thus established is maintained well into the reproductive 
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phase. Although the controls are not invariably lower in percentage dry 
weight of each constituent, they are generally lower in corresponding ab- 
solute weights. Thus in the sand cultures (table I) the percentage ash in 
unaerated tops and roots is higher but the total weight of ash per plant 
-is twice as great in young vegetative aerated plants. Differences in total 
ash tend to diminish with increasing age but aerated plants retain an ap- 
preciable excess even during senescence. Aerated plants absorb, transport, 
and utilize mineral nutrients more rapidly and efficiently than the controls 
if judged on the basis of rate of dry weight increase. 

In connection with the essential inorganic materials, the small stature 
of the control plants explains the initially higher percentage of calcium 
despite the smaller total amount per plant in the sand cultures. There is 
an obvious tendency of calcium to accumulate in the roots of the controls 
in the maturation phases, both in sand and loam cultures. The absorption 
and internal distribution of magnesium is striking, occurring earlier and 
reaching the tops more rapidly in aerated young plants. This is evidenced 
by the fact that young aerated tops are much higher than the controls in 
magnesium while at the same time the unaerated roots run higher than 
aerated roots in percentage and total magnesium, both in sand and soil 
cultures (tables I, II). The original lag in magnesium intake by unaerated 
controls in sand was more than compensated, however, by rapid absorption 
during the seventh and eighth weeks. At the end of this time the total 
magnesium content of the mature controls in sand exceeded that of the 
aerated plants. The fact that this rapid intake of magnesium occurs late 
in the life of the controls and that it is coincident with a definite lag in 
potassium absorption may explain why the development of the sand con- 
trols fails to overtake that of the corresponding aerated plants (C, table I). 
Although less pronounced, similar results were observed in loam cultures. 
Acceleration in rate of magnesium intake is thus concomitant with a reduc- 
tion in rate of potassium absorption. 

Thus the initial percentage of potash is high in both aerated and un- 
aerated plants but falls with increasing maturity, owing in part to the 
reason just given and also to the proportionately greater increase in dry 
weight over potash intake. Although percentage of potash in roots fluctu- 
ates, the aerated roots in sand are uniformly higher in absolute amounts 


ble I, F. 


yressure given in atmospheres and specific condauctivily 1M Pecn pe 


$ of this element. Percentages of phosphorus are rather low in all young 
4 plants (39, 40) but increase significantly after the fifth week, especially in 
ae roots. Aerated plants not only run uniformly higher in total phosphorus 
25 but inaugurate reproduction earlier and maintain it longer than the 
= 5 controls. 
+ The organic metabolites, namely, organic nitrogen, total sugars, and 


hydrolyzable polysaccharides, are uniformly higher in percentages but not 
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in absolute amount in all unaerated sand plants. Aerated loam plants, 
however, were higher in both percentage and total amounts of these con- 
stituents. Although not given in the tables, supplemental analyses showed 
a tendency for crude fiber and total amino nitrogen to be greater in aerated 
plants, a condition suggestive of more rapid assimilation. Since high sugar 
content coupled with abundant nitrate nitrogen generally characterizes im- 
paired protein metabolism, this was probably also the case in the above 
instance. 

It will be noted, however, that the soluble constituents of the sap, as 
indicated under dry weight composition thereof, tend to be higher in the 
tops of older aerated plants in sand and loam. Judging from the data on 
freezing-point depression by expressed fluids, their mineral constituents 
are osmotically more effective than their organic solutes. The specific con- 
ductivity of the sap of aerated and control plants, however, does not vary 
as greatly as might be anticipated from the preceding data. Both the con- 
ductivity and the buffer capacity of the sap were difficult to correlate with 
the pH and the mineral content of the plants. Aerated sunflower tops in 
sand appear better buffered than controls against acid, but as they reach 
maturity these differences in acid buffering diminish greatly. Mature un- 
aerated roots on the other hand possess a better buffer capacity against 
alkali than aerated cultures of similar age. The greater free acidity of sap 
from unaerated plants suggests a higher acid content than in aerated cul- 
tures (21). 

Total nitrogen dissolved in expressed sap is generally low but shows a 
tendency to accumulate in unaerated roots of sunflowers grown in sand 
(D, table I). This fact again implies not only slower translocation of 
solutes but also impaired nitrogen metabolism in controls, especially in 
older plants. On the whole, the sap of the plants showing the best de- 
velopment was marked by a higher oxidation potential, shown by the 
greater amount of indophenol produced. On the other hand, the top-root 
ratio in terms of fresh weight of the best developed plants was consistently 
lower in aerated plants than for the poorer controls of the same series (A, 
tables I, IT). 


Data on soy beans 


The soy bean loam cultures (table III) exhibit several points of con- 
trast with sunflowers, owing to the difference in feeding habits of the two 
species. Aerated soy beans displayed more abundant root nodule forma- 
tion, and these plants were larger. In contrast with sunflowers, calcium 
was more rapidly absorbed and translocated to the tops. Sunflowers and 
soy beans were comparable, however, in the accumulation of calcium in the 
roots of older unaerated plants. 
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Aerated and control soy bean seedlings did not differ greatly in mag- 
nesium content, nor was there any acceleration in its absorption by older 
control plants as observed in sunflowers. Aerated soy beans were higher 
in total magnesium. Aeration seemed to favor potassium intake through- 
out, while appreciable potash accumulation occurred in older control roots. 
Aerated young plants were characterized by rapid entry of phosphorus 
into roots but slow movement into the tops. The tops of older aerated 
plants were higher in phosphorus than the roots, however, thus showing 
a later acceleration in rate of translocation in aerated plants. Total phos- 
phorus was higher in the entire aerated plants. 

Although percentage composition of total sugars, starch, and nitrogen 
in soy bean loam cultures (table III) varied slightly from corresponding 
sunflower tests (table I, IL), the absolute weights were analogous, showing 
a tendency of aerated plants to contain greater absolute amounts of these 
materials. 

Specific conductivity of sap (E, table III) was variable, no definite 
tendency being observable. Sap osmotic pressures and pH were uniformly 
higher in aerated young and old tops. Tissue fluids of young aerated and 
unaerated soy beans in loam were all rather weakly buffered, but differ- 
ences developed with increasing age. Unaerated tops of older soy beans 
were better buffered against alkali (F, table III). Aerated roots were 
poorly buffered against both acid and alkali, with a steep gradient in the 
median portion of buffer curves. Sap dry weight, ash, total sugars, and 
nitrogen ran appreciably higher in aerated tops but lower in aerated roots 
(D, table III). Top-root ratios were distinctly smaller for most aerated 
plants, owing chiefly to the greater bulk of the root systems. 


Discussion 


The preceding data not only coincide with earlier work as far as the 
general formative effects of soil aeration are concerned, but also suggest 
(in part at least) the physico-chemical explanation of the structural changes 
noted in earlier studies by other investigators. In this investigation, not 
only were roots found to be sensitive to changes in soil oxygen and carbon 
dioxide (9, 29, 36, 43), but continued soil aeration was also found to in- 
duce marked changes in the structure of tops and roots (8, 11, 14, 31, 
32, 41), and to alter entirely the development of the root habit (13, 16, 
33, 46). Abundant aeration favored increased branching and bulk of the 
root system (3, 4, 25, 40, 44) as well as profuse hair production (11, 16, 18). 

Such marked differences in root systems were correlated with definite 
effect on the tops. Aerated tops were more vigorous:in appearance, with 
larger, dark green leaves and higher yield (2, 5, 7, 8, 32, 34, 42). In con- 
trast with studies of certain other investigators (5, 43) seedlings in aerated 
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sand cultures germinated and grew much more rapidly. This initial ad- 
vantage over controls was maintained through maturation, as manifested by 
earlier and more prolonged flowering as well as by heavier fruiting. 

Other investigators have shown that proper root aeration is especially 
important in relation to the reproductive phase of growth (1, 22, 30), abun- 
dant soil oxygen being known to favor the setting and development of 
fruit. On the other hand, oxygen deficiency and carbon dioxide toxicity 
in the soil are known to induce premature abscission of reproductive struc- 
tures (1). 

The data here reported indicate on the whole that the combined effect 
of increased oxygen tension and lowered carbon dioxide content of the soil 
initially alters mineral metabolism in a marked degree, which in turn sub- 
sequently alters the basic organic syntheses of plants. It is probable that 
most plants normally encounter a gradual reduction of oxygen and increase 
of carbon dioxide in the soil, and that the soil atmosphere is thus normally 
an important factor in the developmental cycle. If, as suggested by 
ParKER (38, 39), the normal increments in soil carbon dioxide during plant 
growth do not induce appreciable alterations in mineral metabolism, this 
is probably due to the maintenance of a liberal supply of soil oxygen. 
Certainly the data indicate that soil aeration alters the nutrition and or- 
ganic syntheses of plants. 

As the preceding analytical data on the effects of soil aeration are re- 
viewed, it is apparent that aerated plants were characterized by a much 
more rapid absorption and transport of mineral nutrients. This in turn 
was followed by acceleration in the rate of nitrogen and carbohydrate ac- 
cumulation, especially in loam cultures. 

The initial absorption of magnesium and potassium in aerated cultures 
was especially rapid. Although the intake of calcium and phosphorus was 
slower, it continued longer and in total amount was well above that in the 
corresponding unaerated controls. These facts correlate well with the 
larger size of the finely branched root system and the profusion of root 
hairs of aerated cultures. It would be surprising indeed if this great in- 
crease in absorptive area of aerated roots did not result in enhanced feeding 
power. The greater indophenol formation by the tissue fluids of aerated 
tops suggests that these plants also metabolize their organic synthates more 
rapidly than the controls. 

In addition to these compositional differences, aerated plants differed 
structurally from the controls. The striking effect of aeration on tops was 
acceleration of growth in early stages, attributable to increased length of 
basal internodes rather than to an increase in the number. Contrast in 
internodal distance diminished noticeably above the median nodes, how- 
ever, and there was little or no difference in size of internodes near the 
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tips. Elongation continued in the controls after the aerated plants had 
started to flower. This response tended to reduce size differences when 
mature plants of both groups were compared. In fact, in the older soy 
bean plants in loam the percentage root dry weight of controls showed a 
tendency to exceed that of aerated plants. In 60-day old sunflowers con- 
tinued dry weight increase of control roots also resulted in a lower top-root 
ratio, a response opposite to that found in the other instances. The physio- 
logical effect of aeration on tops thus appeared to be acceleration in develop- 
ment with earlier maturation rather than prolonged development. 

With reference to the structural characteristics of aerated roots, it may 
be said that they were more fibrous, longer, and more highly branched. 
The root hair zone of aerated plants, although having more roots per unit 
surface, was less extensive longitudinally and the hairs were shorter lived, 
apparently because of the more rapid elongation of aerated roots. In- 
ternally the vascular tissues just above the root hair zone were not as 
definitely differentiated in aerated roots as in the controls. Other internal 
structural comparisons were difficult because of differences in size of aerated 
and control roots of similar age, but in general the walls of root cells in 
aerated plants were heavier, and such roots showed a slight tendency for 
intercellular spaces to increase as plants matured (7). Microchemical tests 
for starch and hemicelluloses were more pronounced in ¢ells of aerated roots 
near the root hair zone. 

Aeration of soil about the roots of aquatic angiosperms is known to pro- 
duce formative responses similar to those described here. Dean (25), 
working in this laboratory, has found that root systems of submerged 
aquatics, such as Typha, Sagittaria, and Hibiscus, increase greatly in size 
in aerated sand, clay, and muck. Roots in aerated soils were longer and 
more highly differentiated, as shown by heavy lignification of the new 
primary roots in many cases. In the main, unaerated roots were fibrous 
but less numerous than the corresponding fibrous elements of aerated root 
systems. Submerged (but not subterranean) water roots of Typha and 
Sagittaria were more numerous and profusely branched in unaerated soils. 
In every case larger tops were associated with more extensive root systems. 

Perhaps the-outstanding contrast between soil aeration of aquatic and 
terrestial plants is the effect of soil type. The structural characteristics 
of aquatics do not vary so greatly with soil differences as they do in land 
plants. Formative differences between aerated and unaerated sunflowers 
and soy beans grown in loam were never so marked as those in sand. Un- 
aerated controls of soy bean, sunflower, and several other species not here 
discussed essentially overtook the aerated plants in size of tops in the 
maturation phase. 

In conclusion it must be pointed out that the nature of the plant response 
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to soil aeration varies considerably from one species to another, and also 
varies with the degree of aeration. Sunflowers in pot cultures, although 
responding favorably to aeration rates less than 10 liters per kilogram of 
soil per day, were distinctly retarded in growth when this rate was doubled 
(45). Soy beans, were not so easily injured as sunflowers by rapid aeration, 
however, a contrast especially apparent in warm moist weather (20). In 
fact, tolerance of higher rates of aeration is increased as temperature rises. 

It is interesting to note that similar responses have been recorded by 
other investigators for plants grown in solution cultures. Buckwheat, for 
example, is not benefited by rates of aeration known to be favorable to other 
plants (23, 27), and may in fact be injured if dry weight is taken as a 
criterion. Similar responses have recently been reported for aerated solu- 
tion cultures of tomatoes. These also flowered and fruited later than the 
controls (23). The scanty data of other investigators on the reduced de- 
velopment of the root systems of plants injured by excessive aeration con- 
firm those of the writer. Aeration uniformly increases the fibrous charac- 
ter of roots, but when over-aeration causes injury, the size of such injured 
roots is considerably diminished. 


Summary 


1. Aerated sunflower and soy bean plants grown in sand and loam dif- 
fered from unaerated controls in the following ways: 
(a) Taller in size and heavier in weight as a result of early rapid 
growth. 
(b) Larger in root system, more fibrous, and more highly branched ; 
root cells heavier walled and higher in reserve carbohydrates. 
(ce) More rapid nutrient absorption as shown by higher content of 
ash, calcium, potassium, and phosphorus per plant in terms of absolute 
weight of entire plants. 
(d) Higher in total weight per plant of crude fiber, starch, total 
sugars, and nitrogen. 
(e) More alkaline expressed sap in tops and roots; tops had a higher 
buffer capacity but the roots a lower buffer capacity against alkali and 
acid. 
(f) Smaller top-root ratios in terms of fresh weight than in controls. 
2. The difference between sand and loam cultures is expressed by a 
tendency of percentage composition of certain components to run higher in 
controls, even though absolute amounts of such constituents are consistently 
higher in aerated plants. Sap hydrion values were generally higher in 
plants grown on sand. 

3. Moderate rates of continuous soil aeration with moist air increased 
size and growth rate of plants, but very rapid aeration had the opposite 
effect. 
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4. Species differed in their tolerance of soil aeration. The threshold of 
injury by rapid aeration is higher for soy beans than for sunflowers, espe- 
cially when dry air is used. 
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POTENTIALLY UNLIMITED GROWTH OF EXCISED TOMATO 
ROOT TIPS IN A LIQUID MEDIUM 


PHILIP R. WHITE 


(WITH THREE FIGURES) 


Introductory 


In the cultivation of isolated tissues, whether plant or animal, it is 
necessary to distinguish between growth at the expense of the culture 
medium and survival, in which the medium plays only an inert or, at most, 
a secondary role. In the first case the nutrient is itself the limiting factor 
in determining the degree and to some extent the character of the increment 
obtained. Given a satisfactory nutrient, adequate replacement of ex- 
hausted nutrient, and adequate removal of excretory products, growth 
should continue indefinitely. In the second case increment may also take 
place for a time at the expense of materials reabsorbed from the older por- 
tions of the original explant, the medium acting essentially as an inert sub- 
stratum only. As these reabsorbed materials are exhausted, the culture 
will gradually succumb, no matter how often the medium is renewed. An 
extended period of growth ordinarily implies the maintenance of a high 
level of metabolism. Survival, on the other hand, is ordinarily dependent 
on minimal metabolic rates, and is hence prolonged by depressant conditions 
such, for example, as moderate cold, low oxygen supply, ete. 

The literature of the field of plant tissue cultures contains accounts of 
many experiments which clearly fall in the latter category. Reference 
need only be made to the work of HABERLANDT, BoBILIOFF-PREISSER, BORGER, 
CzecH, KUNKEL, PrAt, ULEHLA, Wuits, et al. This literature has been 
reviewed more extensively elsewhere (16). All of these authors obtained 
survival of isolated tissues under various conditions, often for months, but 
no true growth. Perhaps the most striking example of this type of result 
is that of Bamey and ZirKLE (1) who, using sections of cambium from 
woody plants immersed in such non-nutrient media as paraffin oil, were 
able to maintain active protoplasmic cyclosis for many weeks. This is 
obviously a phenomenon of retarded metabolism only, a mere slowing down 
of the process of dying. 

The experiments of Kotre (9), Roppins (12, 13), Ropprns and MANEVAL 
(14, 15), Matyscuev (10), and Wuire (17-21) are less easily classified. 
In many cultures of these workers active increment did take place, and in 
the work last cited the nature of the nutrient obviously did contribute quite 
largely in determining the extent and character of growth obtained. Only 
comparatively short culture periods were employed, however, and the abso- 
lute amounts of increment were small. It therefore is possible that this 
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increment may also have been dependent in part on materials carried over 
in the original fragment. The experiments of Roppins and Manevat (15), 
which represent the most extended periods (five months) and the greatest 
numbers of passages (ten) reported to date, strongly suggest that this was 
the case, since the observed mean growth rates decreased rather consistently 
from about 7.8 mm. per day in the first passage to 0.86 mm. per day in the 
tenth passage, after which the cultures were lost. Thus the growth rate at 
any passage bore an inverse relationship to the total amount of tissue 
formed up to that passage. This would appear to indicate that the rate of 
increment might have been determined by the concentration of some un- 
known material furnished to the culture from the tissues of the original 
fragment and gradually diluted in the multiplication of these tissues. If 
this be true, these cultures also were cases of survival, though for long 
periods. There are nowhere in the literature of plant tissue cultures ac- 
counts of any experiments which can with certainty be said to fall within 
the first category outlined above. 

In view of this uncertainty and of the importance of the concept of 
complete nutrients in the use of a tissue culture method in the study of 
physiological and pathological problems, it has seemed desirable to deter- 
mine whether or not a plant tissue can grow at the sole expense of a 
nutrient, without the quantity of material contributed by the original frag- 
ment entering as a limiting factor. A positive answer to this question will 
require that such a tissue be maintained in a state of active increase over a 
long enough period of time and through a sufficient number of passages to 
insure a dilution of all materials contained in the original fragment beyond 
the point where they could possibly be effective in determining growth rates. 
Such has been the purpose of the experiments presented in this paper. 


Materials and methods 


The present work represents essentially a repetition and extension of the 
earlier root tip cultures of Ropsrns (9, 10) and Ropsins and Manevau (11, 
12). Tomato was chosen as a test organism, since it was planned to use the 
tissue culture technique later in the study of certain diseases to which this 
plant is susceptible. It is assumed that wheat (18, 19) would have given 
similar results. 

The methods of culture were approximately those outlined elsewhere 
(18,19). The seed to be used were removed under aseptic conditions from 
clean healthy fruit of the Bonny Best variety, grown under greenhouse 
conditions. They were usually germinated on sterile filter paper. As soon 
as the roots had attained a length of 5 mm., and some days before the 
cotyledons appeared, they were severed and placed in 125-ml. Erlenmeyer 
flasks containing 50 ml. of nutrient each. A single root was placed in each 
flask. 
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The nutrient medium used was approximately the same as that developed 
in previous work (19), with some slight modifications. It contained the 
following salts at the partial concentrations indicated : 


SALT MILLIMOLS 


0.60 
0.30 
0.80 
0.87 
0.09 
0.006 


To this were added 2 per cent. by weight of sucrose, which for tomato was 
found experimentally to be superior to the dextrose used in previous experi- 
ments (18, 19), and the filtered extract of 0.01 per cent. by weight of dried 
brewers’ yeast (18). 

In making up the nutrient, the sequence of mixing the various in- 
gredients appears to be important. The method found most satisfactory 
was to proceed as follows: The first four salts listed above, Ca(NO,)., 
MgSO,, KNO,, and KCl were dissolved together in one flask. The KH,PO, 
and Fe,(SO,), were each dissolved separately. These were then mixed in 
a quantity of distilled water such as to make one half of the final volume 
of nutrient desired, and set aside until the yeast was ready, usually about 
two hours. The sucrose was dissolved in a quantity of water somewhat 
less than half the volume of the final nutrient and also set aside. The 
yeast was boiled for half an hour in 100 to 200 times its volume of distilled 
water, and filtered twice under suction, using no. 597 Schleicher and Schiill 
(or no. 1 Whatman) paper. The salts, sugar, and yeast extract were then 
mixed together, made up to volume, and distributed to the culture flasks, 
50 ml. per flask. These were autoclaved immediately at 1 atm. pressure for 
20 minutes. They were ready for use as soon as cool. 

All cultures made previous to October 5, 1933, were placed on a bench 
in diffuse sunlight in a potting shed subject during the summer months to 
the temperature fluctuations of the outdoor atmosphere. On October 5th 
the cultures were transferred to a northeast laboratory where better tem- 
perature control was available. Here also they received diffuse sunlight 
during the daylight hours. The method of making the original cultures 
has been outlined above. Subcultures were made by cutting the roots into 
fragments each bearing one or more growing points. Each cutting was 
placed in a flask of fresh nutrient. 


Experimental results 


- 
Ropsins’s experiments suggested the existence of some limiting factor 


present in the original fragment of tissue, diluted as this tissue multiplied, 
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not renewed under the cultural conditions employed, and hence fixing a 
limit to the amount of growth obtainable in such cultures. In examining 
further into the probability of the existence of such a factor and hence into 
the probable limits to which such excised root tips may be grown in vitro, 
data from two clones of cultures, designated as B and C, will be considered. 
Each clone was derived from a single root tip and was therefore genetically 
homogeneous. 

In the preparation of clone B aseptic seeds of Bonny Best tomato were 
placed in a series of flasks. This series was started on November 2, 1932. 
Five days later the seed had begun to sprout and on November 11 the seed- 
ling roots were severed. The ages given in the following discussion are 
measured from this date. The apices were retained in the flasks, the seeds 
and seedlings being discarded. The fragments retained were about 10 mm. 
long. After some days the most vigorous examples were selected for fur- 
ther culturing. By November 21, that is 10 days after excision, the particu- 
lar root under consideration had attained a length of 32 mm., with one 
branch. The primary root soon stopped growing, and the growing point 
turned brown, as often happened, especially in the earlier cultures. The 
lateral, however, continued to grow and to branch further. On November 
30 the culture was transferred to a fresh nutrient but without cutting back. 

A completely satisfactory experimental complex had not been developed 
at this time. Rather than risk the loss of the culture by transferring again 
to a nutrient of uncertain value, the flask was set aside while further experi- 
ments on methods were being made. The culture was left undisturbed for 
145 days until April 24, 1933. At the end of this time the root had attained 
a total length, including branches, of 4564 mm., with 181 growing points. 
It was then removed and divided into 50 pieces, each p@ice being placed 
in a fresh flask. Twenty of the 50 subcultures were so made as to contain 
about 8 mm. of apical meristem each, without any mature tissue. These 20 
grew much more satisfactorily than did the apices on larger masses of tissue, 
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Fie. 1. Increment rates of clone B during 406 days, 29 passages. The asterisks 


represent passages in which no measurements were taken. 
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the old tissue apparently exerting a certain inhibitory action. All subse- 
quent cultures were therefore made from these smaller pieces. The cul- 
tures grew quite consistently, though not very rapidly (fig. 1), remaining 
at the bottom of the flasks. On May 2, 11, and 18, subcultures were made, 
all but about 5 to 10 mm. of meristematic tissue being discarded at each 
transfer. They were then set aside again until July 10, an interval of 53 
days. By this time they were brown, without active growing points, and 
apparently dead. Nevertheless, upon transfer to fresh nutrient, they re- 
sumed growth and put out fresh branches so that by July 14 it was possible 
to again sever the growing points, discarding all but about 5 mm. of each. 
Subcultures were made on July 25, August 1, 8, and 15. Up to this time 
the cultures had remained at the bottom of the flasks, growing only slowly, 
but branching with great profusion. 

The low increment rate and high branching rate of those cultures which 
remain at the bottom of the flasks appear to be correlated with low respira- 
tion rate, but whether the fact of sinking to the bottom is itself the cause 
or an effect of some unknown condition remains to be determined. The 
two conditions are concomitant. Of the 50 cultures made on August 15, 
three floated to the top of the nutrient. These were all derived from no. 17 
of the previous (12th) passage, and were designated as nos. 4, 5, and 6. 
Coincident with the floating of these individuals to the top of the nutrient, 
their increment rates quadrupled as compared with their previous values, 
the branching rate showing a corresponding fall. No. 4, for unknown 
reasons, ceased to grow after a week’s time. No. 6 became contaminated 
with bacteria and had to be discarded. No. 5 remained in good condition 
and ultimately became the foundation for the entire clone. Although trans- 
fers on September 1 (14th passage) included material from 6 examples of 
the previous passage, all except the descendants of this one actively growing 
culture were eliminated by selection in the next two weekly passages. De- 
tailed daily records were begun on September 28 in the 18th passage, when 
the culture was 322 days old, and were continued until it had reached the 
age of one year. In passages after that date the lengths of the roots at 
the beginning and end of each passage were recorded, giving a measure of 
the increment rates for each week, but without the daily detail. Records of 
the clone were discontinued at the end of the 28th passage, at an age of 405 
days, but the clone is, at the time of preparation of this paper, alive and 
growing normally at an age of over 500 days. 

Figure 1 shows the results of observations throughout 406 days of the 
life of this clone. Following the elimination of the slower growing mem- 
bers, the last 16 passages show a markedly increased mean growth rate over 
that of the previous 9 months. Figure 2 is of a single subculture photo- 
graphed at the age of 367 days (passage, 12 days) and again 4 days later. 











590 PLANT PHYSIOLOGY 


— 
@ 
= 
w 
= 








Fic. 2. A typical subculture of clone B, passage 23. The figure at the upper left 
shows the size of the fragment at the beginning of the passage, aged 355 days. At the 
center 12 days later, and at the right the same culture after 4 days more. 


The increase both in length and in number of branches is evident, and repre- 
sents what may be considered as approximately normal growth for tomato 
root tips. The fact that an isolated root tip can continue to maintain ap- 
proximately normal activity at the end of a year’s time in an artificial 
environment, is good presumptive evidence of its capacity to grow indefi- 
nitely under such conditions. 

The records kept of clone C are somewhat more complete and continu- 
ous. Seeds of Bonny Best tomato were germinated aseptically on filter 
paper and on March 1, 1933, 25 severed root tips were placed in flasks of 
a nutrient (not the standard described above) which later proved only par- 
tially satisfactory. A single one grew, and this only poorly. On March 13 
this one root was transferred to a more satisfactory nutrient in which it 
grew actively though somewhat unevenly. On March 29 it was divided into 
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16 subcultures and on April 21 two of these were selected and again divided 
into 42 and 24 pieces respectively. Neither the nutrient solution nor the 
culture method was at this time entirely satisfactory and experiments were 
conducted aiming at their improvement, using the cultures of this clone as 
experimental material. In the next 7 passages, therefore, the transfer 
periods and nutrients used were not uniform. With the 11th passage, at 
an age of 127 days, the nutrient solution and method of preparation out- 
lined at the beginning of this paper were established as standard, and a 
period of one week chosen for the length of passage. The actual data must 
therefore be divided into two groups, the first embracing the first 10 pas- 
sages, the second all passages subsequent to the 10th. The latter group 
should be much more nearly homogeneous and more reliable as a basis for 
drawing conclusions. Since at the date of preparation of this paper the 
clone is still being maintained, so that the data cannot be considered as a 
completed whole, a period covering 52 passages has been arbitrarily chosen 
for consideration in detail. The second homogeneous group of data, from 
the 11th to the 52d passage, thus embraces 294 days under standard con- 
ditions. These data are summarized in table I. 


TABLE I 


LINEAR INCREMENTS AND NUMBERS OF BRANCHES PRODUCED FROM A SINGLE ROOT DURING 
52 PASSAGES 























| a | | z % 
a + Sa eA 
| Z q oa» Pa iz, | Zi 
| a & Bes a 2» B = Be | oe | 
PASSAGES | aed ae Be BRS 2 SE zoe | zee 
| see |sa aw aAa0 quo <428 | <28 
| Seo |Sase| 62 bee | 228| S85 | 829 
| e882 |e8ebs| za zee | S25 | saa | 38a 
| 
mm, | | mm, 
0 ... 14,319 | 3,044 10 127(-52)* | 13 0.385 1.91* 
M7... 18,379 | 3,505 | 7 49 | 7 | o716 | 3.75 
| 
18-24 ... | 18,759 3,756 | 7 | 49 7 | 0.766 | 3.83 
| 1 | 
25-31 ..... | 26,769 | 6,582 | 7 49 7 | 1303 | 5.48 
32-38 ..... | 26,158 | 6,657 | 7 49 7 | 1883 | 5.33 
| | 
| 
39-45... | 23,084 | 5,143 7 49 7 1.064 | 4.71 
46-52 .... | 27,379) 6,912 7 | 49 Lae 1.091 | 5.59 
Total... | 154,847 | 35,399 52 | a eee 0.958 4.37 








* Detailed linear increment measurements were not made in the first 2 passages total- 
ing 52 days. For that reason, although the first 10 passages totaled 127 days, the cal- 
culation of mean increment rate is based on 127-52, or 75 days only. 
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In 52 passages (421 days) the clone made a total measured increment, ex- 
elusive of all branches, of 154,847 mm. To this are to be added the inere- 
ments of 35,399 branches 1 mm. or more in length. Since these average at 
least 5 mm. each, their total length would be about 175,000 mm. The total 
observed increment for 52 passages was, therefore, about 430 meters, or 
about 1300 feet. This was all derived from a single growing point approxi- 
mately 10 mm. long. That a single root-tip can thus be maintained and 
made to multiply at approximately normal rates through 52 passages, is 
again strong presumptive evidence that it can be maintained indefinitely. 

The details of the data further support this general presumption. In 
figure 3, A, the mean linear increment rates (exclusive of branches) are 
plotted as ordinates against the passage numbers as abscissas, while in 
figure 3, B, the mean numbers of branches formed per culture per passage 
are similarly shown. Each point on the curve of linear increments repre- 
sents the mean value obtained from daily observations on 100 cultures over 
individual passages of 3 to 28 days. Since all passages after the 10th were 
uniformly 7 days in length, each point for the last 42 passages thus repre- 
sents the mean of 700 observations. Each point on the curve of branching 
rates represents the mean number of branches on 100 cultures. 

That portion of each curve representing the first ten experimental pas- 
sages need not be considered in detail. The remainder, covering 42 pas- 
sages under standard conditions, may be divided into five parts. Passages 
10-14 show a steady rise both in increment rate and branching rate believed 
to have been brought about by gradual selection within the clone. Passages 
14-17 are marked by an equally regular and very sharp fall in both indices. 
The cause of this was found to be lead poisoning from a faultily repaired 
water still. After this was corrected, passages 17-26 showed a quite regular 
increase, broken somewhat at the 19th and 20th passages, when transfers 
were made by one of the writer’s colleagues,’ and at the 24th and 25th pas- 
sages when drastic culling, carried out in an effort to eliminate a trouble- 
some brown discolored condition present in some cultures? resulted in dis- 
carding many cultures, thus lowering the average increments as estimated 
on the basis of the initial 100. Passages 26-39 then showed comparatively 
uniform growth indices, the mean linear increments oscillating quite regu- 
larly between extremes of 4.5 and 6.8 mm. per culture per day. The branch- 
ing indices fluctuated somewhat more widely and erratically. A second 

1It is a pleasure to acknowledge the help of Dr. L. O. KUNKEL who undertook the 
task of making the transfers, and of Dr. E. L. SPENCER who made the necessary measure- 
ments during this period. 

2 This condition was of such a nature as to suggest the presence of a bacterial infec- 
tion. Attempts to find any organism, either by microscopic examination or by plating 


on various standard bacteriological culture media all failed, however. The incidence of 
this condition was greatly reduced by repeated selection, but its cause is still unknown. 
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Fic. 3. A. Mean increment rates of clone C, in mm. per culture per day, plotted by 
passages. The corresponding dilutions of any material from the initial fragment dis- 
tributed uniformly to all tissues formed are plotted for three individual cultures for 
comparison. B. Branching rates of clone C in numbers of branches formed per culture 
per day. The corresponding dilutions of any material from the initial fragment dis- 
tributed uniformly to all growing points are plotted for the three examples as in A. 





sharp drop in indices occurred in the 40th passage. The reason for this has 
not yet been satisfactorily traced, but the fact that both indices have subse- 
quently recovered makes it clear that the drop was due to some uncontrolled 
external factor. The character of growth obtained at the end of the ex- 
periment was quite normal, the roots being clean, white, straight, with nor- 
mal branching habit, and growing ‘at rates which were not markedly sub- 
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normal. Individual cases of roots growing 30 to 40 mm. per day were fairly 
frequent. The factors which affect growth rates will be discussed more 
extensively elsewhere. The important fact brought out by these curves is 
that, unlike Ropsins’s cultures, the changes in growth rates can in no way 
be correlated with number of passages and can therefore not be interpreted 
as resulting from a time or dilution factor. This is perhaps even more 
clearly brought out by a comparison of clones B and C from the point of 
view of the relative effects of age and previous treatment. Clone B was 
approximately 200 days old in the 6th passage, while clone C had a similar 
age in the 21st passage. The linear indices at this age were for clone B 0.7, 
for clone C 3.7 mm. per culture per day. On the other hand, 134 days later 
the simultaneous indices were: clone B (18th passage) 5.3, clone C (23d 
passage) 5.6 mm. per culture per day. It is obvious from these figures that 
neither age nor member of passages, but simultaneity (and hence identity 
in environmental conditions) was the crucial factor in determining growth 
rates. It is the precise details of the environmental complex rather than 
any characteristics, other than genetic ones, inherent in the material of the 
explant, which determine the rates of growth at any moment. 

Two strains of cultures have then been maintained for more than a year, 
one through 52 passages and the other through 30 passages. The measured 
tissue increment has been many thousands of times the original value. The 
mean growth rates have been clearly independent of origin, age, number of 
passages, previous treatment, etc., but closely dependent on the detailed 
variants in the artificial environmental complex. Hence it may be con- 
cluded with reasonable safety that the cultures have ceased to be dependent 
on any material factors carried over from the parent plant. The environ- 
mental complex used is therefore adequate for all requirements for growth 
of such tissues. The cultures have been shown to be capable of unlimited 
growth in such an environment. 

The conclusion just drawn, that isolated root tips can be grown indefi- 
nitely under the experimental complex employed, may at first seem ac- 
ceptable without further proof. Nevertheless, the data in the form pre- 
sented above still leave a logical doubt as to its validity. The dilution of 
materials derived from the original explant, calculated as the ratio between 
initial tissue volume and total observed increment, has, even in clone C, 
been only of the order of 10/150,000 = 6 x 10°. It is well known that many 
materials: hormones, enzymes, viruses, etc., are effective at much greater 
dilutions than this. Even some of the essential nutrient elements, such as 
boron, become toxic above concentrations of the order of molar x 10-°. Cop- 
per, zine, iodine, etc., are effective in even smaller quantities. It is hence 
quite conceivable that even at a dilution of 10-° there may still remain suffi- 
cient quantities of limiting materials carried over from the original frag- 
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ment to be effective, although complete elimination of these materials would 
prevent further growth. In order to remove this doubt, it is therefore 
necessary, as stated in the introduction to this paper, to answer the ques- 
tion: ‘‘Can it be shown that the greatest possible crucial dilution for all 
conceivable materials of the original fragment must have been surpassed in 
the experiments under consideration?’’ This question has certainly not 
been answered in the foregoing section. 

The experimental data do, however, furnish an affirmative answer if 
treated in a manner slightly different from that used above. If the pedi- 
grees of three representative cultures of the last (52d) passage, nos. 1, 50, 
and 100, are traced back, it is found that all three were derived from cul- 
ture no. 99 of passage 28, and further back from culture no. 57 of passage 
11 when the standard environmental complex was introduced. Their his- 
tories from passage 11 to passage 28, through 17 passages, were thus iden- 
tical. The detailed records show that this initial culture of the 11th pas- 
sage, no. 57, was, when started, 7 mm. long, growing during the passage to 
a length of 36 mm. In passage 12 it was initially 11 mm. long, growing to 
65 mm., the corresponding figures being 14 and 67 mm. for passage 13. The 
dilution of any material derived from this initial culture and uniformly dis- 
tributed to all tissue formed therefrom during these three passages would 
thus be 7/36 x 11/65 x 14/67, or 7 x 10°. The dilution obtained in this 
way for the 17 passages in which the history of the three examples was iden- 
tical was about 3 x 10-7”, and the final dilutions for the three at the end of 
the 42 passages under standard conditions (52d passage) were 1.5 x 10-*, 
4.5 x 10°**, and 5.3 x 10°**. If, instead of considering the increment in 
volume of tissue, the numbers of growing points formed are taken as a 
measure of the dilution, the values obtained are still higher. During pas- 
sages 11 to 15 the numbers of branches formed were 4, 8, 3, 22, and 19, 
giving a dilution of 2.5 x 10°. The final dilutions based on numbers of 
branches formed would then be 1.9 x 10°, 2.3 x 10-**, and 1.6 x 10*°. None 
of these figures include any of the dilution occurring during the first 10 ex- 
perimental passages, which is roughly estimated to have been of the order of 
10°. It is thus evident that whether this hypothetical limiting substance be 
considered as distributed to all tissues or only to growing points, its ‘‘dilu- 
tion’’ at the end of the 52 experimental passages would be not less than ap- 
proximately of the order of 10-*°. 

Now, the pieces of tissue employed in starting each subculture weighed 
on the average about 2 mg. or 2 x 10° gm. fresh weight. A molecule of 
water has a mass of approximately 3 x 10-*° gm. If the root tips used as 
subeultures be considered to be made up of water only, such a piece would 
thus contain approximately 2 x 10-*/3 x 10-** = 0.67 x 107° molecules. If 
this be diluted as has been shown to have been the case in the cultures under 
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consideration to a value of the order of 10-*° times its original value, it is 
evident that there could still be only 10° x 10-*° = 10-*° part of one molecule 
of the material of the original root tip present in each culture of the 52d 
passage. This result obviously represents a reductio ad absurdum, and 
since the increment rate (fig. 3, A) at the end of the 52d passage has been 
equalled in only two previous passages, nos. 26 and 39, and the branching 
rate (fig. 3, B) is higher than at any previous time in the entire 400 odd 
days, the idea of any limiting factor in the form of a ‘‘hormone”’ or other 
material furnished to the culture from the parent plant is untenable. The 
results of the experiments of Roppins and MANEVAL, which seemed to indi- 
cate the existence of such a factor, must be explained in some other way. 

This conclusion, of course, in no way affects the possibility of hormones 
being manufactured by the root itself. But if such exist they are not fac- 
tors limiting the potential amount of growth obtainable in culture, and 
hence of no particular interest in the problem at hand. Moreover, so long 
as all the observed facts in a given series of experiments are, as in the 
present case, explainable without resorting to such hypotheses, and since 
the existence of such hormones can be demonstrated only by the behavior 
of cultures in their absence—a condition not demonstrably obtained in these 
cultures—the introduction of such hypotheses appears to the author to be 
an unnecessary encumbrance. 

It appears, then, to have been demonstrated that the nutrient and the 
environmental complex employed in these experiments are adequate to 
sustain normal growth of such root tips indefinitely. 


Discussion 


It is important to note that in thus isolating a plant root from the parent 
plant and placing it in an artificial nutrient which is demonstrably adequate 
for its continued growth, a method is presented for an analysis of those fac- 
tors by which the parent plant under natural conditions nourishes and con- 
trols this organ. It has been generally supposed, though without experi- 
mental demonstration, that the reciprocal relationship by which the aerial 
portions of the plant are supplied with salts and water by the roots and 
these in turn are supplied with the products of photosynthesis by the tops, 
was one necessary for the continued well being of both. The exact form in 
which these photosynthetic products were furnished to the roots has re- 
mained in doubt. It has also been doubtful just where the seat of synthesis 
of proteinaceous materials lay, whether in roots or aerial organs, and 
whether this process might not likewise be dependent on photosynthesis. 

The present investigation has brought answers to some of these questions 
and furnishes a means not previously available of obtaining data pertinent 
to others. The interdependence of top and root is not a necessary one, at 
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least as far as the root is concerned, since these roots have shown unmis- 
takably that they can be grown indefinitely without ever, even as seedlings, 
having been under the influence of tops. The artificial medium has pro- 
vided adequate substitutes for whatever products the tops ordinarily send 
down to the roots. The photosynthetic product has been replaced by 
sucrose. The salts supplied have been those used for entire plants and, as 
was to be expected, their assimilation is quite independent of green tissues. 
The proteins required have evidently been manufactured in the roots, from 
the elements supplied in the nutrient. There remains, aside from possible 
traces of impurities, only one factor in the environmental complex supplied 
which is recognized as an unknown, namely, the extract of dried yeast. 
Whether this is itself replaceable by more easily analyzable materials re- 
mains to be seen. 

It is interesting to compare the nutrient used in these experiments which 
has proved adequate to supply all the needs of a plant tissue, with the 
corresponding nutrients used for similar cultures of animal tissues. A great 
part of the work on the latter material has followed the methods introduced 
by Harrison (8) and developed by CarrEL. These methods will, therefore, 
be considered for comparison. In the work outlined above, the nutrient 
has consisted of three categories of materials: (1) the salt solution, (2) the 
carbohydrate, and (3) the organic material added as yeast extract. Of 
these, the exact constitution of the first two, representing 99.99 per cent. of 
the mass of the nutrient, is, aside from possible impurities, precisely known 
and can be varied at will. Only one component, the yeast extract, repre- 
senting 0.01 per cent. of the entire mass, is of unknown constitution. 

The nutrient generally used by CarRREL (see CARREL, EBELING, FISCHER, 
ErpMAN, et al.), on the other hand, contains no salt solution and no carbo- 
hydrate. In its usual form it consists of two components, chicken serum 
making up from 50 to 70 per cent., and embryonic juice from 30 to 50 per 
eent., of the mass of the nutrient. A satisfactory modification used by 
Esetine (5) contained fibrinogen (prepared according to MEeLLANBY, 11) 
12.5 per cent., chicken serum 37.5 per cent., and embryonic juice 50 per 
cent. Dry weights are not usually given for these constituents, so that they 
cannot be directly compared with the constituents of the plant culture 
nutrient. But it is clear that the animal nutrient differs radically from the 
plant nutrient in being made up entirely of complex organic materials. 
Drew (4) has replaced the serum of CAarREL’s medium with a salt solution 
consisting of NaCl, CaCl,, KCl, NaHCO,, MgHPO,, and CaH,(PO,),, and 
has replaced the embryonic juice with autolyzed tissue extract or tumor 
extract, with satisfactory results. In this case, the known elements are 
somewhat greater, but still represent less than half of the mass of the entire 
nutrient. It has also been shown that the embryonic juice can be replaced 
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by a fibrin digest prepared either by the action of pepsin (BAKER and 
CarREL, 2) or by controlled bacterial digestion (FiscHErR and DemuTH, 7). 
These represent, to a certain extent, attempts to reduce the medium to 
simple components which can be adequately analyzed. But even in the 
case of DREw’s salt solution it should be noted that, although the cations 
Na, Ca, K, and Mg are supplied, there has been no attempt to supply a 
balanced anion portion, the SO, and NO, ions being entirely omitted, and 
the PO, and CO, ions introduced only because of their buffer action. The 
other salt solutions occasionally used in such work: RINGER’s, TYRODE’s, etc., 
are, like DrEw’s solution, made up of chlorides only, with PO, or CO, or 
both added only as buffers. Such unbalanced salt solutions, as has been 
experimentally demonstrated elsewhere (19), would be entirely inadequate 
for plant tissues. 

It is, of course, difficult if not impossible to determine the exact constitu- 
tion of such complex, essentially organic nutrients, while the determination 
of the constitution of the simple, essentially inorganic nutrient used in these 
plant cultures is comparatively simple. It is equally impossible to vary the 
concentrations of the active constituents, except in a very gross way. So 
long as such complexes as blood serum and embryo juice make up the 
greater part, or all, of the nutrient, the only nutrient variants available to 
the experimenter are varying proportions of these complexes. CARREL, 
BAKER, and others have made analyses which indicate that the proteoses 
play an important rdéle in the activity of embryo juice, but these are again 
complex substances of undetermined constitution (FIscHER, 6). The com- 
plex nutrients have been retained because they fulfilled the two basic re- 
quirements of (1) complete adequacy for maintenance of unlimited growth, 
and (2) simplicity and duplicability of preparation. Perhaps if such a nat- 
ural nutrient had been found in the early development of plant tissue cul- 
tures, it too would have been retained and used without further search. 
The latter field has, however, had a history quite the reverse of that of the 
animal field. Every attempt to find a natural culture medium comparable 
to that of CarREL, prepared from embryo juices, pressed saps, sieve tube 
exudates, endosperm fluids, digests, etce., has consistently failed with, in 
most cases, marked evidence of toxicity (see HABERLANDT, THIELMANN, 
ULEHLA, Prat, Roppins, MAYER, and others). Because of this failure, the 
workers in the plant field have been forced to adopt the reverse method, of 
starting with a simple medium of known constitution and, by a study of 
the individual constituents of this medium in their effects on growth and 
by the addition of new constituents, to build up an increasingly adequate, 
and at the same time precisely known, substratum and general complex for 
the maintenance of the cultures. The result has been a cultural complex 
which, as shown in the present paper, possesses both of the essential char- 
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acteristics of the animal complex, complete adequacy for the maintenance 
of unlimited growth, and simplicity and duplicability of preparation, and 
which in addition, as shown elsewhere (18, 19), possesses a flexibility far 
greater than that of the complex used in the older field. 


Summary and conclusions 


Tomato root tips, excised, and grown in a simple liquid medium of known 
constitution, have been maintained for over a year, and through 52 pas- 
sages, in continuous active growth as measured by increase in number of 
growing points and total volume of tissue. One isolation has produced 
in vitro approximately 35,000 growing points and more than 400,000 mm. 
of tissue, from an initial fragment 10 mm. long. Calculations based on 
averages from approximately 40,000 separate observations on this clone give 
the theoretical dilution of any material of the original fragment as well 
beyond 10~*°, hence beyond the limits of molecular dilution. The entire 
material of most, if not all, of the ultimate cultures is therefore necessarily 
derived from the nutrient. This nutrient is thus demonstrated to be ade- 
quate for all growth requirements of such tissue. The growth rates have 
shown no consistent tendency to fall off, there being, on the contrary, a 
consistent increase in the early passages from 1.5 mm. per culture per day 
in the 1st to 6.8 mm. in the 26th passage, the corresponding value at the 
52d passage being also 6.8 mm. per culture per day. It is thus proved that 
tomato root tips are capable of maintaining an independent, active, appar- 
ently normal existence in vitro for potentially unlimited periods of time, 
under such an artificial environmental complex as has been described here. 
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SALT CONCENTRATION AND REVERSIBILITY OF ICE-FORMA- 
TION AS RELATED TO THE HARDINESS OF 
WINTER WHEAT" 


8. T. DEXTER2 


(WITH SIX FIGURES) 


Although the conditions of ice-formation in the tissues of plants have 
been the subject of numerous investigations, in the literature there appears 
to be no description of detailed quantitative experiments regarding the 
reversibility of the process of ice-formation. In several papers the reversi- 
bility or irreversibility of the process is implied. Thus, MULLER-THURGAU 
(14) showed that the freezing point of tissue was lower on the first freeze 
than on refreezing, which suggests irreversibility; NEwToN and GoRTNER 
(15) specifically warned against refreezing the sample of expressed sap in 
determining ‘‘bound water.’’ To the contrary, irreversibility might be im- 
plied by the technique used by StetnMETz (20), who froze samples of alfalfa 
roots at an extremely low temperature, before expressing the sap to be used 
in ‘‘bound water”’ studies. 

The question of reversibility of ice-formation in non-living colloidal sys- 
tems has been repeatedly investigated. (Cf. Jones and Gortner (11) for 
recent literature.) Such systems are sometimes indicated as ‘‘elastice gels’’ 
when reversible, and ‘‘non-elastic’’ gels when irreversible. 

That the capacity for reversibility might well be significant in a consid- 
eration of winter-hardiness is brought out by casual observation of frozen 
plants as they thaw out. One may observe that, hardy and tender alike, 
the plants immediately after thawing have a water-soaked appearance; in 
the ease of hardy plants, however, this water is reabsorbed in the course of 
a relatively short time and the plants regain their former appearance. If a 
temperature too cold for the survival of the hardy plants is used, this reab- 
sorption does not occur. 

When plant tissues freeze, the formation of ice removes water from the 
sap, thereby concentrating the solutes in the unfrozen water until the 
eryohydric point is reached. A study of the concentration of the minerals 
under such conditions is of interest, since ‘‘salting out’’ of colloids, often 
irreversibly, is a matter of common occurrence. 


Experimental material 


To examine this problem in an experimental way the following procedure 
was followed. Field plats of four varieties of winter wheat were seeded 

1 Contribution from the plant physiology laboratories, University Farm, University 
of Minnesota. 

2 National Research Council Fellow. 
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at the usual time and in the usual manner by the Agronomy Department 
of the University of Minnesota. No attempt was made to select varieties of 
peculiar varietal hardiness. However, the varieties in the probable order 
of their cold-resistance were as follows: (1) Minturki-Marquis hybrid 
(very hardy); (2) Minturki (very hardy) ; (3) Kanred (medium hardy) ; 
(4) Blackhull (medium hardy). These plats were not replicated and no 
pretense is made that, in their development, the typical hardiness of the 
varieties was necessarily developed. When samples were obtained at inter- 
vals throughout the autumn, every effort was made to obtain typical samples 
from the plats; however, on the last date (November 21) the ground was 
deeply frozen and covered with snow, and the samples were selected from 
small continuous areas which had been covered with paper after the ground 
froze but before the snow fell. The samples were prepared by removing 
the roots and leaf blades, together with any dried external leaf-sheaths. 
This material was discarded. The crowns were quickly washed by shaking 
with distilled water in a large beaker. In order to bring all of the samples 
to a comparable degree of dryness, the washed crowns were placed upon 
cellucotton pads and covered with a damp towel. In the course of an hour 
or two, the samples became almost free from surface moisture. During the 
process of weighing the samples, the crowns were further dried with cellu- 
cotton. After weighing, the samples were immediately wrapped in tin-foil. 
Percentage of dry matter was determined in similar samples by killing in an 
oven at 100° C. and drying in vacuo at 75° C. 


Experimental methods 


DETERMINATION OF ICE-FORMATION 


While several methods have been repeatedly used for the quantitative 
determination of ice-formation, it seemed that, for the experiment planned, 
the use of the calorimetric method would be most suitable. Recent work with 
this method is described in papers by Sayre (19), St. Jon (21), Meyer 
(13), and Rosrnson (17). Briefly, the method depends upon the heat of 
fusion of the ice formed ; obviously, if, in a given sample, more ice is formed 
on one occasion than on the next, more heat will be required to melt the sam- 
ple when more ice is formed. While several formulae have been devised, 
differing only slightly from one another, the following is used throughout 
this work. 

T. (T. C. eal.) —T, (T. C. sample) 
80 -—0.5 T; 





Ice, grams = 


where, T, is the temperature change of the calorimeter, as indicated by the 
Beckman thermometer ; T. C. cal. is the thermal capacity of the calorimeter, 
with 300 ec. of water; T, is the temperature change of the sample, from the 
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frozen to the final melted condition ; T. C. sample is the thermal capacity of 
the sample; and T; is the temperature at which the sample was frozen, with 
the sign changed from negative to positive. 

T. C. sample was calculated as follows: T. C. sample=grams water in 
sample + 0.35 (gm. dry matter) + 0.1 cal. The specific heat of the dry mate- 
rial in the sample was estimated at 0.35 calories per gm.; the 0.1 calorie 
represents the thermal capacity of the tin-foil used. 

The calorimeter was a large silvered Dewar flask, heavily wrapped in 
cellucotton and stoppered with a thick cork stopper. Through the cork, a 
eurved glass stirring rod and a Beckman thermometer projected into the 
flask. The top of the apparatus was further protected from air currents by 
a sheet of rubber through slits in which the stirrer and thermometer ex- 
tended. 300 ce. of distilled water somewhat above room temperature were 
placed in the flask. To determine the thermal capacity of the calorimeter, 
stirring rod and thermometer, pieces of ice, frozen from distilled water, 
were dropped into the apparatus. Pieces with approximately the same heat 
of fusion as the samples were used, ?.¢e., about 15 gm. The average of 5 or 6 
very closely agreeing replicates was used to compute the thermal capacity of 
the calorimeter. 

Several methods have been suggested for the freezing of the samples 
and their transference to the calorimeter vessel. The following, which com- 
bines features of the methods of several investigators, was finally adopted. 
The samples of wheat crowns, weighing 20 gm., were wrapped in tin-foil 
and placed in tapered copper tubes. These tubes were placed in the freez- 
ing bath. If unwrapped samples were placed in tubes, it was found that 
considerable condensation of water vapor occurred on the inside of the 
tube. This would have introduced a very considerable error. Furthermore, 
the samples were found to freeze so firmly to the sides of the tube, if not 
wrapped, that is was impossible to remove them quantitatively or rapidly. 
When the large samples are wrapped in tin-foil, however, they melt with 
undue slowness, and the temperature equilibrium is markedly delayed. 
This delay is highly undesirable, for there is an inevitable, though slow, 
drift in the temperature of the calorimeter, due to the temperature differ- 
ence between it and the air of the room. This drift may amount to as much 
as one one-hundredth of a degree a minute even when all precaution is taken 
to minimize it. To insure rapid melting in the calorimeter, the wrapped 
sample was removed from the copper tube after freezing thoroughly and 
the wrapper slit lengthwise, several times. The sample was handled with 
a paper pad kept in the cold room with the freezing bath, for that purpose. 
After slitting, the sample was replaced in the tube and freezing continued. 
With such treatment, thermal equilibrium was attained in the calorimeter in 
from 2 to 3 minutes, if the samples were vigorously stirred. 
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Large baths of alcohol-ice slush were prepared and kept in a cold room 
held at approximately the temperature desired. Alcohol or water was added 
to the baths to bring them to within one-tenth of a degree of the temperature 
required. The baths were readily kept at the desired temperature by fre- 
quent adjustments. All thermometers were calibrated in terms of one 
accurate thermometer. The Beckman thermometer was so adjusted that it 
read 21.4° C. below the actual temperature. It was read to the nearest 
hundredth of a degree. 

Previous to freezing, the wrapped samples were stored at 2° C. overnight 
in the copper tubes. Duplicate samples of a single variety were placed in 
the freezing bath at the same time; after an interval of 30 minutes, a pair of 
duplicates of another variety was added and so forth. At the end of two 
hours of freezing, one sample was used for calorimetric measurements; the 
other, in its copper tube, was placed in a water bath at 2° C. where it 
remained for two hours. It was then refrozen for two hours at precisely 
the same temperature, when it was similarly used in the calorimeter. Thus, 
ice formation was determined in one sample after a single freezing treat- 
ment and in the duplicate after freezing, thawing and refreezing. 


FREEZING INJURY 


After the sample and the calorimeter had reached thermal equilibrium, 
the sample with the 300 cc. of water was emptied into a beaker, the tin-foil 
removed, and the beaker, covered with a watch-glass, was transferred to a 
cold room held at 2° C. After 22 hours in this room, the electrical conduc- 
tivity of the liquid was determined at 25° C. This gave an estimate of the 
freezing injury, according to the method of Dexter et al. (5, 6). 


TOTAL EXTRACTABLE SALTS 


The sample, with the liquid, was heated to boiling and promptly placed 
again in the cold room. At the end of 24 hours the electrical conductivity of 
the liquid was again measured, in order to determine the total extractable 
electrolytes in the sample. In several cases electrical conductivity measure- 
ments were made after longer intervals, up to six days; but the increase 
in extracted electrolytes was slight. Since relatively insoluble materials 
might go into solution on long standing, or since autolysis might occur, 
setting free electrolytes, the conductivity of the solution after 24 hours of 
extraction is considered to indicate the total amount of extractable salts in 
the samples. 


DISCUSSION OF METHODS 


From the preceding description, it is evident that the following values 
were determined for each of the four varieties of wheat on the various dates: 
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1. Grams dry matter in the sample. 

2. Grams water in the sample, by difference. 

3. Grams ice frozen on the first freezing treatment, and water unfrozen, 
by difference. 

4. Grams ice frozen on the second (identical) freeze, after two hours 
thawing, and water unfrozen, by difference. 

5. Electrolytes extracted in 22 hours after freezing injury, following 
single and double freezing treatment. 

6. Total electrolytes extractable in 24 hours, following killing of the 
samples by boiling. 

Determinations of the freezing points of the expressed saps were made on 
October 21 and November 22. The freezing points for the four varieties 
ranged from —1.0° to —1.25° on both dates, with considerable difference 
between duplicates. The sap of the hardier varieties appeared to have a 
slightly greater concentration of solutes as measured in this way. 

Since the temperatures used in this experiment, —7° C. and —13° C., 
are above the eryohydrie point of the salts commonly found in plants, it is 
likely that precipitation of the salts did not oceur during freezing, and that 
the salts remained in solution in the unfrozen water. If this is the case, 
we are able to compute the average concentration of salts in the unfrozen 
water, 7.e., the concentration of salts to which the protoplasm is subjected on 
freezing. While it is rather commonly agreed that a certain amount of 
water is associated with the colloids in the plant, the opinion has been 
recently expressed in several papers that this water is probably partly if 
not wholly available for the solution of salts and sugars in the sap (Briaes 
(3), Hmu (10), and Gortner (8). Thus, while the addition of gum arabic, 
gelatin, or similar material to a sugar solution undoubtedly increases the 
freezing point depression, the water calculated as ‘‘bound’’ has not lost 
its colligative properties. Evidently if the colloid behaves in a manner 
similar to that of ordinary solutes, the amount of water bound by the 
colloid will depend upon the desiccating forces to which it is subjected, ‘.e., 
less water will be ‘‘bound’”’ at —13° C. than at —7° C. Furthermore, bind- 
ing capacity is influenced by the nature of the solutes present. Briaas (2) 
found that the presence of sodium chloride and potassium chloride decreased 
the water binding power of gum arabic, and that calcium ions lowered the 
hydration capacity of gelatin more than did sodium ions. 

It is not my purpose to discuss the status of the ‘‘bound’’ water problem. 
A full literature citation and review is given by GorTNER (8). No attempt 
has been made in these experiments to determine the bound water in the 
samples; an attempt has been made, rather, to determine the amount and 
reversibility of ice-formation at temperatures sufficiently low to differ- 
entiate by freezing injury, the hardiness condition of the plants. 
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Experimental results 


the four varieties of winter wheat on several dates. 
Minturki are known to be hardier than Kanred and Blackhull. 
summarizes table I. The following facts appear: 





607 


Table I shows the percentage of dry matter, the amount of ice frozen, and 
of water unfrozen on first and second freezing treatment of each sample of 


Minturki-Marquis and 


Table II 







































































TABLE II 
SUMMARY OF TABLE I 
—7° C. SERIES -—13° C. SERIES 
TOTAL TOTAL 
DATE UNFROZEN WATER UNFROZEN WATER 
FROZEN FROZEN FRozEN | FrRozEN 

ONCE TWICE Ratio ONCE TWICE RATIO 

gm. gm. gm gm. 
2 20.89 10.72 2 a ors ee Slee 
cree 22.50 15.65 0.695 7.94 6.85 0.853 
November 1 o.cccccccccccssscnseen 22.81 18.56 0.814 9.22 7.78 0.845 
November 22 o...ccccccccssccssses 21.12 17.59 0.833 | 9.07 8.57 0.945 

TOTAL UNFROZEN WATER PER GRAM OF DRY MATTER 
Dats DRY MATTER aa 2 
-— 7° ONCE — 7° TWICE ee 13° ONCE |-—13° TWICE 
gm. gm. gm. | gm gm. 

October 5. nrcrunmmnns 9.81 2.13 a Bi. ehgeoee 
October 19 .................... 13.64 1.65 1.15 | 0.582 0.502 
November 1 .... 14.94 1.53 1.24 | 0.617 | 0.521 
November 22 .............. 16.44 1.29 1.06 | 0.552 0.521 














1. There is invariably more water frozen on the second freezing than 
on the first, but this tendency becomes less marked as the hardening process 


proceeds. 


Figure 1 shows this in graphic form. 


The amount of water left 


unfrozen on the second freezing treatment is 51 per cent. of that left un- 


frozen after one freezing treatment on October 5 (—7° C.) 


As the plants 


harden, the values approach each other more closely, until on November 22 


the ratio is 83 per cent. 


This indicates that the ice-formation becomes more 


nearly reversible as the plants harden in the field, and that the period al- 
lowed for reabsorption of water after freezing is ineffectual in the case of 


the tender plants. 


2. There is almost invariably more water left unfrozen in the hardy 
varieties than in the less hardy ones. 





3. The amount of water left unfrozen per gram of dry matter is greater, 
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a Series 





water unfrozen second freeze 
water unfrozen first freeze 





100 x 





> 





Oct. 5 Oct. 19 Nov. 1 Nov. 22 


n't Sete watresen water, second freese 
unfrozen water, first freeze 
This gives a measure of the reversibility of water withdrawal to form ice. On October 
5 there was about twice as much water left unfrozen after the first freeze (-7°C.) as 
after the second. As the season advanced the amounts became more nearly equal. 


are shown on the vertical axis. 





on the first freeze, —- 7° C., when the plants are in the unhardened condition 
than when they are hardened (Meyer, 13). On the second freeze, —7° C., 
there is little difference in hydration between the hardened and unhardened 
condition. The same may be said of the — 13° C. freezing treatments. There 
appears to be little evidence that there is a greater hydration of the colloids 
in the hardened state ; but it would appear that the hydration is more stable. 
Some indication of a reason for this greater stability will be brought out 
later, when mineral concentrations are considered. 

Table III shows the amount of water, dry matter, and extractable elec- 
trolytes in 20-gm. samples of wheat crowns of four varieties taken from 
the field on different dates. These samples, with the exception of those on 
the last date were never frozen in the field. The value for extractable salt 
is the specific conductivity (K x 10°, 25° C.) of the solution into which the 
electrolytes diffused. These conductivity values are average of duplicates, 
single and double freeze, —-7° C. which rarely varied more than one per cent. 
from the mean. The last two columns of the table show the computed 
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TABLE III 


TOTAL WATER, DRY MATTER, AND EXTRACTABLE ELECTROLYTES (K x 105, 25° C.) IN SAMPLES 
ON VARIOUS DATES 








Dar ExtTrRAcT- | SALT PER SALT PER 
VARIETY | saeeee ABLE GRAM | GRAM DRY 
‘Ses SALTS WATER | MATTER 





K x 105 K x 106 
October Minturki- 

5 Marquis 2. 109.0 6.21 44.0 
ae Minturki 2. 116.0 6.67 42.5 
Si Kanred < 120.7 6.83 51.2 


as Blackhull 2.% 115.6 6.54 49.3 
Average 112.8 6.56 46.75 


October | Minturki- 
19 Marquis , 84.4 5.07 25.1 
se Minturki ; 90.2 5.52 24.4 
se Kanred ji 100.5 6.03 29.9 
oe Blackhull 22 91.0 5.42 28.3 


Average 91.5 5.51 | 26.42 














November | Minturki- 
1 | Marquis 2 2. 4.53 17.65 
- | Minturki | | ‘ 9. | 4.89 21.10 
is Kanred | ; 6 4.98 22.95 
“ | Blaekhull may J 4.77 22.35 


Average | | d | 4.79 21.01 





November | Minturki- | 
22 Marquis | 64.3 4.05 15.50 
ve Minturki | 5 70.1 4.51 15.85 
“« Kanred | _ | 72.4 | 452 | 18,29 
ve Blackhull 72.2 | 4.48 | 18.55 
Average | | 69.8 | 4.39 | 17.05 





amount of soluble salt in each gram of water or of dry matter, respectively. 

From the table, the following facts appear: 

1. The water in the samples decreased as the season advanced and the 
dry matter increased. This has been the finding of workers, generally, in 
this field. 

2. The total extractable electrolytes decreased regularly with each of 
the four varieties. 

3. The salt per gram of water in the plant decreased as the season ad- 
vanced, in spite of the fact that the amount of water decreased. That is, 
the concentration of salt in the sap, assuming all water to be free for solvent 
purposes, decreased regularly (figure 2). 

4. The soluble salt per gram of dry matter decreased very markedly as 
hardening proceeded (figure 3). Furthermore, the amount of extractable 
salt per gram of dry matter appears to be related to the hardiness of the 


| 
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Soluble salt per gm. water in plant 








~ . 
Oct. 5 Oct. 19 Nov. 1 Nov. 22 


Fig. 2. Total extractable electrolytes from each sample (expressed as specific con- 
ductivity x 105) was divided by the grams of water in that sample to give the values on 
the vertical axis. This gives the relative concentrations of salts in the cell sap on the 
dates shown. A progressive decrease in salt concentration is shown in all four varieties. 
M-M = Minturki-Marquis; M = Minturki; K = Kanred; B= Blackhull. 


variety, and is generally lower in the hardy ones (Rosa (18), CHANDLER 
(4), GorKE (7)). 

Since the amount of unfrozen water was determined in each sample to- 
gether with the amount of soluble salt, one may readily caleulate the con- 
centration of salt per gram of unfrozen water. Furthermore, measurements 
were taken of the exosmosis of electrolytes foliowing freezing, to give an esti- 
mate of freezing injury. Table IV presents these values. The ‘‘salt per 
gram of unfrozen water’’ was calculated by dividing ‘‘extractable salt’’ 
(table III) by ‘‘grams unfrozen water’’ (second freeze) (table I). The 
freezing-exosmosis conductivity values are the average of the same dupli- 
cates, except for the values given for October 5, where the value obtained for 
the sample frozen twice was used. On this date, the sample frozen twice was 
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Soluble salt per gram D.M. 





o n 1 i 
Oct. Oct. 19 Nov. 1 Nov. 22 





soluble electrolytes . oes 
in the four varieties of 
grams dry matter 


winter wheat. M-M(Minturki-Marquis hybrid) and M(Minturki) are hardier than 
K(Kanred) and B(Blackhull). The hardier varieties have in general a lower ratio of 
soluble salts to dry matter. In all varieties the ratio decreases greatly as the season 
advances and the plants increase in hardiness. 





Fig. 3. Progressive change in ratio of 


materially more injured than the sample frozen once only, and thus the 
conductivity value used represents the true injury more closely than would 
the average. 

From table IV the following facts appear: 

1. In a given variety, as hardening proceeded, the concentration of salts 
in the unfrozen water decreased to about one-third the value found in the 
early fall (-7° C. freeze) (figure 4). 

2. The concentration of salts in the unfrozen water is regularly greater 
in the varieties known to be hardier by agronomic experience. Almost in- 
variably the freezing-exosmosis values for frost injury are in the same 
order as the values for salt concentration in the unfrozen water. Figure 
5 shows this in a graphic way. 


From these results, it would appear that freezing injury may well be | 


closely correlated with the concentration of salts in the unfrozen water. 
This theory is, in a way, by no means new. GorKE (7), Harvey (9), and 
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Concentration of salts in unfrozen water, — 7° C. 
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° . . 
Oct. 5 Oct. 19 Nov. 1 Nov. 22 





Fic. 4. Total extractable electrolytes of the sample (expressed as specific conduc- 
tivity x 105) have been divided by the values for grams-unfrozen-water to give the 
values on the vertical axis (— 7° C. series). Each curve shows the change in the electro- 
lyte concentration in the unfrozen sap for a given variety as the season advanced. 


M-M(Minturki-Marquis) and M(Minturki) are hardier than K(Kanred) and B(Black- 
hull). 


others have suggested that the injury to the protoplasm was due to the in- 
crease in salt concentration on freezing. The addition of sugars to plant 
saps or the accumulation of sugars within the plant has been repeatedly 
shown to favor winter hardiness (AKERMAN, 1) and to prevent coagulation 
of proteins in the frozen expressed juice (NEWTON and Brown, 16). In 
either case, one evident effect of the added sugars would be correspondingly 
to decrease the concentration of salts in the sap at the freezing temperature 
used. The removal of electrolytes by diffusion, or by other methods, has 
not been shown, however, to cause any ‘‘protection’’ of the plant or the 
plant sap (NEWTON and Brown, 16, Dexter, unpublished data). 


That the winter wheat plant becomes relatively low in soluble salts and | 
\ 
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Concentration of salts in unfrozen 





a + —_—" 


10 20 30 40 50 60 =7 80 90 
Freezing injury, as specific conductivity 





Fig. 5. Relationship between the concentration of salt in the unfrozen water in 
the plant and the injury due to freezing (as measured by exosmosis of salts, following 
freezing) is shown in the diagram. The points plotted are those given in table IV, for 
the —7° C. series. High correlation between the two values is indicated by the almost 
linear form of the scatter-diagram. 


‘ relatively high in organic material as hardening proceeds in the field seems 
unquestionable from these data. The same decrease in soluble electrolytes 
was found, however, in plants grown in the greenhouse in sand cultures 


where a low concentration of mineral nutrients could not occur in the soil. 
Furthermore this decrease appeared to oceur whether nitrogen was present 
in the cultures or not, and, in minus-nitrogen plants, took place in the dark, 
where hardening also occurred; but it did not take place in plus-nitrogen 
plants in the dark, where hardening failed to take place. Further studies 
are being made with greenhouse material. 

In order to study further the relation of total minerals to hardiness as 
measured by the freezing-exosmosis method, measurements were made on 35 
varieties of hybrid wheats which were seeded in six replicate rows on the 
University farm by the Agronomy Department. In the 35 varieties were 
included a few well-known varieties as indicators. Samples of crowns were 
used, as before, and weighed 5 grams. Percentage of dry matter was de- 
termined as previously stated. The samples were frozen in test-tubes; and 
exosmosis of mineral matter following freezing was measured in the usual 
way. The samples were taken, killed by heating, and extraction went on for 
24 hours before measurements of total minerals were made. Determina- 
tions were made on three samples from each variety, all being obtained 
when the plants were in a fairly well hardened condition. The values for 
total extractable minerals and for freezing-exosmosis were averaged for 
the three samples. Figure 6 shows a scatter diagram of the relationship 
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Specific conductivity after freezing injury 





A L A a A A a 2 i 





160 170 180 190 200 210 220 230 240 250 260 
Total soluble salts per gram of dry matter, as specific conductivity x 105 


Fie. 6. Five-gram samples (triplicates) of crowns of 35 varieties of winter wheat 
were used. Exosmosis of salts into 25 ec. of water after freezing was measured con- 
ductimetrically to give the values on the vertical axis. The samples were then killed 
by heat. Diffusion of salts into the water continued for 24 hours when conductivity 
measurements were taken. These values, divided by the dry weight of the sample are 
shown on the horizontal axis. 


between total extractable salts per gram of dry matter and conductivity 
resulting from exosmosis after freezing. The varieties of known hardiness 
fall, in this diagram, approximately where they would be expected, that 
is, hardiness was associated with low exosmosis of minerals following freez- 
ing, and with small amounts of soluble salt per gram of dry matter. 

The figure indicates a considerable correlation between the values used. 
If extractable salts were plotted against percentage of dry matter, instead of 
against freezing-injury, a more or less similar diagram would result. That 
is, low percentage of dry matter is associated with high soluble mineral con- 
tent and with low hardiness. 

The total extractable salts in the samples of wheat crowns varied only 
perhaps 20 per cent., however, from the tenderest to the hardiest used in 
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this experiment. The extractable salts per gram of dry matter varied about 
40 per cent. On the contrary, the salts extractable following freezing may 
vary several hundred per cent., depending upon the severity of freezing 
treatment used. Following very severe freezing treatment, extraction of 
salts is nearly the same as extraction following killing with heat, since dif- 
ferential freezing-injury is obscured by the heavy injury to hardy and 
tender varieties alike. 
Discussion and summary 


1. The data presented here show that withdrawal of water by ice-forma- 
tion was not a fully reversible process in the wheat crowns used in this 
study. However, as the plants became more hardy, the process became more 
nearly reversible. This is in accord with observation of plants which have 
been frozen, either with or without injury. If they have been frozen beyond 
recovery, the water removed from the cells by ice-formation is not reabsorbed 
to give the previously turgid tissue. 

2. Less water was left unfrozen in the tenderer varieties, but perhaps 
the difference is no more than would be expected on an osmotic basis from 
the slight differences in the freezing-point depression of the saps. The 
water left unfrozen at — 7° C. is, however, much greater than can possibly be 
explained on an osmotic basis from computations from the freezing-point 
depression of the boiled, expressed juice (LeBepINcEv, 12). At —13° C. 
the excess unfrozen water is considerably smaller. That is, freezing at the 
lower temperature appeared to ‘‘unbind’’ the ‘‘bound’’ water (Briags, 2, 3). 

3. As the season advanced and the plants became more hardy, the soluble 
mineral content of the tissues decreased in all four varieties. Since the dry 
matter in the samples increased, the soluble salt content per gram of dry 
matter decreased several fold. The concentration of soluble salts in the 
unfrozen water decreased very markedly, since the amount of unfrozen 
water tends to increase as hardiness increases. This was true with each 
variety as it hardened. It was also true that there was a higher salt con- 
centration in the unfrozen water of the tender varieties than of the hardy 
ones. 

4. In 35 winter wheat varieties studied, there was found a considerable 
inverse correlation between hardiness and soluble salts. In general, hardi- 
ness was associated with a high percentage of dry matter, and with low con- 
centration of soluble salts. 

Further studies are being carried on with other species of plants to 
determine whether these trends in mineral concentration are usually asso- 
ciated with the hardening process. An attempt is being made to determine 
what becomes of the soluble salts as hardening proceeds. 
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EFFECT OF SOIL TEMPERATURE ON TRANSPIRATION IN 
HELIANTHUS ANNUUS 


F.E. CLEMENTS AND E. V. MARTIN 


(WITH FOUR FIGURES) 


Introduction 


In the researches upon the adaptation of transplants to alpine and 
dune habitats, it has been essential to develop field methods for analyzing 
the factor complex. Chief among these are control batteries of phytometers 
in which one major factor is maintained in a series of intensities or levels 
while the others are held practically uniform, except for the daily march. 
Water content, light, wind, and soil temperature in particular permit such 
manipulation, and all are under investigation in the series of transplant 
gardens at Pike’s Peak and at Santa Barbara. In both the alpine climax 
and the xerosere of litoral dunes, instrumentation has shown that wind and 
soil temperature are relatively extreme, and much attention has in conse- 
quence been directed to them. 

The first experiments in this field were conducted by WuitrieLp (12, 13) 
at the Alpine Laboratory in 1930-1931 by means of standardized phyto- 
meters of Helianthus annuus, and the native Mertensia sibirica, which is 
much utilized in the transplant project. He demonstrated that a reduction 
of soil temperature from 113° to 51° F. lowered transpiration very little, 
while a decrease from 51° to 34° F. exerted a pronounced influence. Records 
of soil temperature during the growing season at 12,000 feet in the alpine 
tundra of Pike’s Peak indicated a range from 35° to 48° F., with an average 
of 44° F. for the four years of observation (14). 

A physiological test indoors of the relation between temperature and 
absorption was long ago made by Sacus (7), who placed a well-watered 
tobacco plant in a warm room and surrounded the pot with ice. After 
a brief period the plant began to wilt, but when the ice was removed and 
the soil heated, it recovered without the addition of water. By means of 
potometers, VesquE (10) found that within the limits of 10° to 15° C. 
the absorption by roots increased rapidly as the temperature rises. 
Kozarow (3) employed the same method to show that a fall from 20° to 0° 
C. retarded the rate of water supply by 25-30 per cent. Later investigations 
by Detr (2), Stes and J@RGENSEN (9), and by WrBER and HOHENEGGER 
(11) agree in demonstrating that the rate of absorption by a plant cell al- 
ways increases with a rise of temperature, at least up to 30° C. Such 
responses in absorption are naturally reflected in transpiration, although 
Srann (8) has discovered that temperatures near 0° C. may still permit a 
slight loss of water. 
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Methods 


For the earlier series, plants of Helianthus annuus were grown from 
seed in water-tight, cylindric, galvanized iron cans 8” in diameter and 10” 
in height, while for later ones similar cans 84” x 11” were employed. Each 
of these was fitted with a removable lid that had in its center a circular open- 
ing 2” in diameter. The soil used was a good loam of as nearly uniform 
texture and moisture as was feasible. The holard was set at approximately 
65 per cent. of saturation (or 28 per cent. of the dry weight of the soil), and 
the total amount of water in each can was kept within 15 per cent. of this 
value throughout the growing period. When necessary, water was added 
through a glass tube extending into a layer of gravel about 1” thick in the 
bottom of the can. When the plants were about six weeks old, the containers 
were sealed by adding a layer of sand about 4” thick on top of the soil, 
filling the opening in the lid with non-absorbent cotton, and corking the 
glass tube. The efficiency of this type of seal was tested by means of con- 
trols without plants. Weighings made on a torsion balance to the nearest 
gram during the time the experiments were in progress showed that such 
containers seldom lost a detectable amount. This seal has the advantage 
over the paraffin type in that forced aeration is unnecessary (CLEMENTS 
and GoLpsMITH, 1). 





Fic. 1. Experimental installations as used in the later series, showing wilted condition 
of plants in a soil temperature of 30° F. 
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TABLE I 


SoIL TEMPERATURE AND TRANSPIRATION 








INDIVIDU- 


TRANSPIRA- 





SERIES AVERAGE SET LEAF 
j ALS PER TIME TION OF TRANSPIRATION 
(1933) | SOIL TEMP. ant ane AREA 
“f hrs. gm. dm.2 gm./dm.2/hr. 
April 27 99 4 4.06 330 52.6 1.55 
: J ee 295 53.1 1.37 
ee GSE eae eee 271 49.8 1.34 
i eet pce 254 54.5 1.15 
ee ee Sax 223 55.4 0.99 
May 3 97 + 4.00 369 60.2 1.53 
. See Wate eee et |e 339 51.5 1.65 
le a ee a iene 367 57.0 1.61 
aa Zee ee ee 318 53.9 1.47 
me ok 6 eee le ee 156 57.1 0.68 
May 4 100 4 4.04 564 51.5 2.72 
«I pen, "armen 485 60.2 1.99 
Ee ee ae 433 53.9 1.99 
eee | Speer 348 57.1 1.51 
Be et, eae, RE Os 109 57.0 0.47 
Aug. 25 99.5 9 4.31 379 60.3 1.46 
oS Ce eal eer 385 54.5 1.64 
Mit i hers LR States, 374 58.0 1.50 
46 311 55.7 1.30 
__ Snel ASP at aes So epee 143 58.8 0.56 
Aug. 31 55.5 9 3.78 389 65.2 1.58 
, ei eee Ss a | ke 382 62.9 1.61 
ee gee en eee) umes <= 359 65.0 1.46 
a hee 272 69.0 1.04 
Sie en 52 65.2 0.21 
Sept. 2 52.5 9 4.09 835 68.3 2.98 
Me FOSS A Setar RU > ace 870 70.2 3.03 
ae fs ae eS 752 72.3 2.54 
ae. by ee oh ee 399 68.8 1.42 
= Ja eee 138 68.8 0.49 


Sept. 4 
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In the earlier series, five sets of four plants each were used, and these 
were placed in water baths 20” square and 9” deep, while in the later ones, 
five sets of nine plants each were employed with baths 3’ square and 10” 
deep (fig. 1). In all cases these baths were held at fixed temperatures by 
additions of ice or hot water as occasion demanded, and any influence of the 
water on the immediate environment of the shoots was prevented by placing 
on the boxes closely fitting lids constructed of masonite or celotex. 

On the day before a series was run, the phytometers were weighed and 
brought to their proper water content. At 6:00 a.m. the next day they were 
placed in the water baths, allowed four hours in which to'become adjusted, 
and were then weighed to the nearest gram at 10:00 a.m. and again at 2:00 
p.M. Soil temperatures were maintained constant throughout the series, 
and were registered by thermometers inserted near the centers of the cans. 
After the 2:00 p.m. weighing, the plants were taken out of the baths to per- 
mit recovery from any effects of the soil conditions, so as to be ready for 
future series. Leaf areas were determined in square decimeters by multiply- 
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Fig. 2. Graphical representation of results from series of May 3 

(A) and August 25 (B). 
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ing the product of length and width of the leaves in centimeters by the 
factor 0.013, according to the method of CLEMENTs and GoLpsmiTH (1). 
Results 


In table I are given the data taken on seven different days, and in figure 
2 the results for May 3 and August 25, 1933, are represented graphically 
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Fic. 3. Graphical representation of results from series of Septem- 
ber 2 (A) and August 31 (B). 


by curves A and B respectively, which portray transpiration in grams per 
square decimeter per hour (ordinate) as a function of soil temperature in 
degrees Fahrenheit (abscissa). Similarly, the data for September 2 and 
August 31, 1933, are represented in figure 3 by curves A and B respec- 
tively. The differences between the results for different days are due 
partly to the fact that the plants vary in age and partly to diversity in en- 
vironmental factors (table II). Air temperature and relative humidity 
were measured at regular intervals during the various series, while the 
average wind velocity was obtained from the readings of a Weather Bureau 
four-cup anemometer. The light intensity was obtained from an estima- 
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TABLE II 


METEOROLOGICAL DATA 











LIGHT, 
ESTIMATED 
% FULL 
SUNLIGHT 


AVERAGE AVERAGE AVERAGE 
AIR RELATIVE WIND 
TEMPERATURE HUMIDITY VELOCITY 





April 27 é 49 1.9 
24 3.5 
| SSE 27 4.1 
Aug. 25 53 2.4 
Aug. 31 45 2.0 





Sept. 2 12 


2.5 





| 
a enn 21 | 2.1 
| 


% mph. 
| 
| 





tion of the relative lengths of time of cloudiness and full sunlight during 
the experiments. 

The degree of opening of the stomata was secured by taking strips of 
lower epidermis of the leaves, fixing them in absolute alcohol, and observing 
them under a microscope (6). Since the stomatal aperture varied con- 
siderably within a narrow region of epidermis, only three degrees of open- 
ing are considered, namely, open, partially closed, and either narrow slits 
or closed; the results of these observations are given in table III. Since 
the condition as to wilting was closely connected with the degree of opening 
of the stomata, this also was noted and included in the same table. Under 
ordinary conditions, wilting begins with a soil temperature of about 40° 
and increases as the latter decreases to 32° F., while the stomata begin to 
close at about 40° and are nearly completely closed at 37°. 


Accuracy of results 


Errors in this type of experiment arise mainly from two sources, the 
experimental method and the differences between individual plants. The 
latter are caused principally by variations in growth or structure and dif- 
ferences in shading of lower leaves by the upper ones, while the former 
ineludes errors in the phytometer method, in leaf measurements, and in the 
weighing itself, as well as those arising from the length of time required 
to weigh the entire group of plants, which in these series amounted to about 
25 minutes. 

In order to discover the approximate values of the errors due to these 
various causes, 52 phytometers of Helianthus annuus were grown under 
similar conditions, both of soil and atmosphere, up to seven weeks of age. 
These were sealed as described and weighed at 10:00 a.m. and 2:00 P.M. 
on each of three successive days. The water content was maintained ap- 
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TABLE III 


STOMATAL OPENING AND WILTING 








AVERAGE SOIL TEMPERATURE 
es REMARKS ON WILTING 





73° 55° | 





Open | Open | P.Cl. Leaves of plants at 41° 
“ ss oes were a little less turgid 


| | 
April 27 : pees aX than normally 
ce ce 








“ec ce 











| 74° 55° OS 





| Open Open Plants at 37° some- 
si - what wilted; edges of 


| a oe leaves curled a little 


ec ‘é 
‘eé 





100° 
Open | Cl. Plants at 36° were 
“se i wilted so that the 
crowns bent over a 
little 


“ec 





Open | SI.-Cl. Plants at 36° were 
as sg wilted so that the 
crowns bent over a 
say little 


} 
6 | 66 
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“ec 





46° 





Open | . Cl. Leaves of plants at 40° 

ie ie, see a little less turgid than 
normal; plants at 34° 
wilted so that crowns 
bent over considerably 


“ec 
“ec 
cc 
‘é 














47° 42° 837.59 





Leaves of plants at 
37.5° drooped and 
curled a little; plants 
at 34° wilted so that 
Strips unsatisfactory the crowns bent at 
nearly right angles to 
the main stem (fig. 1) 
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TABLE III—(Continued) 


STOMATAL OPENING AND WILTING 








AVERAGE SOIL TEMPERATURE 


47.5° 43° 38° 


REMARKS ON WILTING 











Open Open Open Leaves of plants at 38° 

ot si si drooped and curled a 
" ss P. Cl. 31.-Cl. little; plants at 34.5° 
jai Ts is wilted considerably, 
we - “ but crowns did not 


= ee... we bend over 
ce | ce ‘ec 


| 























*P. Cl. partially closed; Sl.—-Cl., openings are either slits or are closed. Measure- 
ments of the stomatal openings for the earlier series were made by Dr. F. L. Lone of 
the Carnegie Institution of Washington. 


proximately constant by adding the proper amount each day. Leaf areas 
were measured on the first and third days, and the averages of these two 
were taken as the values for the intermediate day. 

The average transpiration in grams per square decimeter per hour for 
the 4-hour period and the deviations of the individuals from this value 
were calculated. Since it required 30 minutes to weigh the 52 phytometers, 
the transpiration of the first plant weighed was measured for the period 


10: 00-2: 00, while that of the last plant was from 10: 30-2: 30, the others 
falling between these two extremes. Since no drift in the deviations of 
the individuals was discernible, it was concluded that any error caused by 
lack of simultaneity of weighing was within the limits imposed by other 
sources. An approximate value of the error introduced by the latter was 
obtained in the following manner from the deviations of the individuals. 
The 52 phytometers were divided at random into 13 sets of four each, and 
the average transpiration for each set was determined for each of the three 
days. The maximum deviation of any one set from the average of the 
13 sets for each day was 9 per cent., while the average deviation was 3 per 
cent. Similarly, when the 52 plants were grouped into sets of nine each, 
the maximum deviation observed was 4 per cent. and the average 1.5 per 
cent. It is probable, however, that the data obtained with the soil tempera- 
ture experiments are not altogether as accurate as these figures indicate, 
since a slight error may arise from the effect of the water baths on the air 
about the plants, especially when the lids are lifted. In the measurement 
of temperature there may be appreciable errors due partially to gradients 
within the baths and partly to fluctuations about the average. Such devia- 
tions can only be estimated, but it is probable that the averages given in 
table I are in error by not more than about 1° F. 
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Discussion 


In representing the data by smoothed curves as in figures 2 and 3, it is 
assumed that the relation between soil temperature and transpiration is a 
continuous one, and this assumption seems to be justified by the accuracy 
with which the curves fit the points. As can be seen from the curves, 
transpiration varies very little with soil temperatures between 55° and 
100° F., but falls off below about 55° and is reduced to half at about 38°. 
Extrapolation of the curves in figure 3 indicates that transpiration ap- 
proaches zero at 32.5°, although the accuracy of the data is not sufficient 
to fix this point at 32.5° and not 32° as is to be expected. 

Obviously the explanation of this reduction in transpiration with soil 
temperatures below 55° F. is that the absorbing capacity of the root system 
is lowered, thus reducing the water supplied to the leaves. This usually 
does not produce a noticeable loss of turgor until the temperature has been 
decreased to about 40° F. The degree of wilting increases as the tempera- 
ture is reduced below 40°, and at 34° has proceeded so far that the crowns 
of the plants are bent at nearly right angles to the main stems (table III). 
This wilting did not continue long enough to cause the plants any per- 
manent injury, as was shown by the following test: On August 25, 1933, 
the set of plants at 36° F. (table I) was removed from its bath at 2:50 
p.M. and placed in the 75° bath. This set and the one at 55.5° were weighed 
again at 4:00 p.m. and at 5:00 P.m. During the period from 2:50 to 4: 00 
the losses were 1.02 and 1.55 gm./dm.?/hr. respectively, while during that 
from 4:00 to 5: 00 the losses were 0.48 and 0.51 gm./dm.?/hr. respectively. 
For this latter period the set that had wilted lost practically as much water 
as the set that had not. Also, by 4:00 p.m. the soil temperatures of both 
sets were about 55°, and none of the plants gave any visual signs of having 
been wilted. 

The condition of the stomata during the various series is indicated in 
table III. Only three degrees of opening are considered, open, partially 
closed, and either narrow slits or closed, denoted in the table by the sym- 
bols Open, P.Cl., and Sl.—Cl., respectively. The stomata did not start to 
close until the soil temperature had been lowered to the point where the 
plants began to wilt perceptibly, about 40° F., but they were almost com- 
pletely closed at 37°. These results indicate that it is not necessary for the 
stomata to close in order for transpiration to be reduced. For example, at 
45° F. the transpiration was lowered appreciably, but the stomata showed 
no signs of closing; hence, the reduced water loss in this case must be due 
to a reduction in the water supplied to the leaves, which is in turn caused 
by a decrease in the absorbing capacity of the root system. Whether the 
amount of water transpired represents the amount absorbed during the 
same period of time is questionable, but since the degree of wilting of the 
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plants appeared to remain constant throughout the weighing period, it 
seems probable that such is the case. 

Kramer (4) points out that absorption of water by roots may be affected 
by temperature in two ways: first, by the physical effects (largely increased 
viscosity and decreased vapor pressure) which result in a slower movement 
of water from soil to root; and second, by the physiological effects on the 
permeability of the root cells. He gives data showing that the absorption 
of water from loam by soil-points (Livineston and Koxertsvu, 5) at 60° F. 
is approximately twice that at 32° F. Whether these results can be con- 
sidered as a measure of the physical effects of low soil temperature on ab- 
sorption of water by roots is questionable; but if so, then the results ob- 
tained with phytometers of Helianthus annuus indicate that the physio- 
logical effects are of greater importance than the physical. 

The data presented here agree with those of the earlier workers already 
mentioned, and they also constitute an addition to present knowledge in 
that the effect upon transpiration of soil temperature has been traced 
through the critical region 34° to 55° F. So far as is known, this range 
has not heretofore been investigated. 

The applicability of these results to alpine problems is definitely limited 
in that the plants were grown under soil temperatures of 60°-70° F., and 
the effect of lower soil temperatures upon transpiration has been measured 
for only the first few hours after the plants were subjected to those condi- 
tions. However, since WuitrieLp (12) has shown that transpiration of 
phytometers of Helianthus annuus in alpine regions (12,000 feet on Pike’s 
Peak) may be as much as 2 gm./dm?./hr., the results of curve B of figure 
3 are applicable to this climatie region. Soil temperatures in this same 
climate are represented graphically in figure 4 (taken from WHITFIELD, 14), 
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Fig. 4. Average soil temperature at 4 inches, by weeks 1927-1930, at 12,000 feet on 
Pike’s Peak (from WHITFIELD, 1933). 


which shows that there is a variation between 35° and 48° F. for the grow- 
ing season. Accordingly our results indicate that, in this particular alpine 
climate at least, soil temperature probably has an appreciable influence on 
transpiration and growth of vegetation. These results are obtained with 
phytometers of Helianthus annuus, however, and it is possible that native 
alpine plants would respond differently. 
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The final test of this influence remains to be carried out. Experiments 
are planned in which plants will be grown in the field from seeds or seed- 
lings under various soil temperatures with other environmental factors 
similar, and the growth, transpiration, and other functional activities will 
be measured. This problem will require several thermostatically controlled 
baths, but it is expected to yield considerable information concerning the 
effect of low soil temperature on vegetation. 


Summary 


1. The effect of soil temperatures in the range 34°-100° F. on trans- 
piration of Helianthus annuus phytometers 6-8 weeks old was measured by 
using five sets of four or nine plants each, run simultaneously in water 
baths of different temperatures. 

2. It was found that transpiration varies very little with soil tempera- 
tures between 55° and 100°, but drops rapidly below 55°, was reduced to 
half at 38°, and approached zero at 32°. 

3. The temperature of the baths was held constant within 1° F., and 
some data are presented that indicate an accuracy in transpiration measure- 
ments of from 3 to 5 per cent. 

4. Strips of lower epidermis of the leaves show that the stomata do not 
begin to close until the soil temperature is lowered to about 40°, but are 
nearly completely closed at 37° F. 

5. The plants usually start to wilt at about 40° and at 34° are wilted 
so that the crowns are bent at nearly right angles to the main stems. 

6. The plants recover rapidly from the wilted condition when the soil 
temperature is raised. 


CARNEGIE INSTITUTION OF WASHINGTON 
SanTA BARBARA, CALIFORNIA 


LITERATURE CITED 


1. CLements, F. E., and Gotpsmiru, G. W. The phytometer method in 
ecology. Carnegie Inst. Washington Publ. No. 356. 1924. 

2. Der, M. Studies of protoplasmic permeability by measurement of 
rate of shrinkage of turgid tissues. I. The influence of tempera- 
ture on the permeability of protoplasm to water. Ann. Bot. 30: 
283-310. 1916. 

3. Kozarow, P. Einfluss verschiedener dusserer Faktoren auf die Wasser- 
aufnahme der Pflanzen. Dissert., Leipzig. 1897. 

4. Kramer, P. J. Effects of soil temperature on the absorption of water 
by plants. Science 79: 371-372. 1934. 

5. Livineston, B. E., and Koxetsu, R. The water-supplying power of 








630 


10. 


i. 


12. 


13. 


14. 


PLANT PHYSIOLOGY 


the soil as related to the wilting of plants. Soil Sei. 9: 469- 
485. 1920. 

Luoyp, F. E. The physiology of stomata. Carnegie Inst. Washington 
Publ. No. 82. 1908. 

Sacus, J. Beitrige zur Lehre von der Transpiration der Gewichse. 
Bot. Zeit. 18: 121-126. 1860. 

Stan, E. Zur Physiologie und Biologie der Exkrete. Flora 113: 
1-132. 1919. 

Stites, W., and Jéraensen, I. Studies in permeability. V. The 
swelling of plant tissues in water and its relation to temperature 
and various dissolved substanees. Ann. Bot. 31: 415-434. 1917. 

VESQUE, J. De 1’influence de la température du sol sur 1l’absorption 
de l’eau par les racines. Ann. Sci. Nat. Bot. 6: 169-209. 1878. 

WEsER, F., and HoHeneacer, H. Reversible Viscosititserhéhung des 
Protoplasmas durch Kilte. Ber. deut. bot. Ges. 41: 198-205. 
1923. 

WHITFIELD, C.J. Ecological aspects of transpiration. I. Pike’s Peak 
region; climatic aspects. Bot. Gaz. 93: 436-452. 1932. 

Ecological aspects of transpiration. II. Pike’s Peak 
and Santa Barbara regions; climatic and edaphic aspects. Bot. 
Gaz. 94: 183-196. 1932. 

The vegetation of the Pike’s Peak region. Ecol. Mon. 
3: 75-105. 1933. 








RELATION OF BENZOIC ACID CONTENT AND OTHER 
CONSTITUENTS OF CRANBERRIES TO 
KEEPING QUALITY’ 


J. A. CLAGUE AND C. R. FELLERS 


Introduction 


The benzoic acid naturally occurring in cranberries has long been 
regarded as the preserving agent responsible for the good keeping qualities 
of the berries and the products manufactured from them (10,15). The 
purpose of this investigation was to determine the benzoic acid content 
of several Massachusetts, New Jersey, and Wisconsin varieties, and to note 
the amount present in relation to other constituents and to the keeping 
qualities of the berries. 

Loew (8) was probably the first to report the presence of benzoic acid 
in the German Preisselbeere (Vaccinium vitis idaea). Subsequent quanti- 
tative determinations were reported by other workers (5, 7,9). GRIEBEL 
(4) thoroughly studied the free and combined benzoic acid of the Preissel- 
beere, the Moosbeere (V. oxycoccus), and the American cranberry 
(V. macrocarpum). He found the Preisselbeere to contain as much as 
0.22 per cent. total benzoic acid, the Moosbeere and the cranberry having 
a content of 0.02-0.06 per cent. Mason (10) found the American eran- 
berry to contain 0.05 per cent. benzoic acid; Rapin (16) reports 0.06 per 
cent. as the content; BLATHERWICK and Lone (2) give the percentage as 
0.096; and Netson (14) reports 0.069 per cent. The varieties analyzed 
were not stated in the papers. Chemical composition of the important 
American varieties of cranberries has been studied by Morse (12). 


Experimental methods 


The cranberries were shipped to the laboratory in quarter-barrel boxes 
and were put into cold storage (2° C.) upon receipt, samples being taken 
out as needed for analysis. 

The procedure followed in the determination of benzoic acid was for 
the most part that recommended by the A. O. A. C. (1). A modification 
was made in the treatment of the chloroform extract. The residue from 
the latter was dissolved in ether and transferred to test tubes and treated 
in the manner described by Monrer-WituiAmMs (11). The ether was 
evaporated under a stream of air dried by bubbling through concentrated 
sulphuric acid. The residue was washed down from the sides of the tubes 
until it was contained in the bottom 2 or 3 ee. Some previously ignited 
sand was added and a mark filed on the test tubes about 4 em. from the 

1 Contribution No. 195 of the Massachusetts Agricultural Experiment Station. 
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bottom. A disk of filter paper was pushed down to the mark. A 1-gallon 
slip cover can was used as a sublimator. The test tubes were pushed 
through holes in an asbestos mat which fitted over the can, the test tube 
base resting on a wire basket inside the can, so that the filed mark was 
just below the surface of the asbestos mat. Cork stoppers were placed 
loosely over the mouth of the test tubes and they were heated at 160°- 
170° C. for about two hours. After cooling, the bottom 4 em. of the tubes 
were cut off at the mark. The crystals of benzoic acid were all sublimated 
in the upper part of the tube. Any that had fallen down were caught on 
the filter paper disc, which was removed and from which the crystals were 
shaken back into the upper part of the test tube. The test tubes with the 
sublimate were dried in a desiccator over sulphurie acid and then weighed. 
The benzoic acid was washed into a small Erlenmeyer flask with alcohol, 
and the test tubes again weighed. The difference in weight represents the 
benzoic acid present in the sample. The sublimate washed out of the test 
tube was titrated with 0.05 N sodium hydroxide, thus giving a check on 
the gravimetric determination. This modified method gave very reliable 
results and reduced the time required to make a determination. 

Total acids and pectin, as alcohol precipitate, were determined by the 
A. O. A. C. (1) methods. 

The soluble solids content of the juice from new crushed cranberries 
was determined with the Abbé refractometer. Results are not so accurate 
as those obtained by gravimetric methods, but give good comparative data. 

The number of berries per quart container was considered to be the 
most convenient measure for their size. The weight of a quart of berries 
represents the average weight of ten quarts. 


Results 


The benzoic acid content of 24 varieties is shown in table I. Results 
for two years are given for four varieties. The percentage of the berries 
spoiled at the time of analysis is shown. The rating of varietal keeping 
qualities as given by C. 8. Beckwitu of the New Jersey Cranberry Sta- 
tion, H. J. FRANKLIN of the Massachusetts Station, and C. M. Cuaney of 
the American Cranberry Exchange is also shown. 

With one exception (Berry Berry variety) the percentage of benzoic 
acid was over 0.05, the maximum being 0.098. 

According to Cruress and Irisu (38), fruit products with a pH of 3 to 
3.5 require less than 0.05 per cent. sodium benzoate (equivalent to about 
0.04 per cent. benzoic acid) for preservation. In grape products, where the 
pH was 2.6 and 3.0, the equivalent of 0.02 per cent. benzoic acid sufficed 
to preserve the fruit against yeast spoilage. 

The pH of sound eranberries is 2.35-2.6 (17) ; hence preservative con- 
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ditions in cranberries are apparently ideal. However, annual loss from 
fruit rot does constitute as much as 25 per cent. of the total cranberry crop 
of the United States (18). 

There seems to be no definite relationship between the keeping quality 
of cranberries and their benzoic acid content. Factors other than the latter 
must be considered. The infection by spoilage microorganisms usually 
occurs relatively early in the growing season (19). The benzoic acid is 
present only in traces in the immature berries and the amount increases 
gradually to a maximum as the berry ripens (4,10). Benzoie acid exerts 
a preservative rather than a germicidal action on microorganisms, in the 
concentrations in which it is present in the ripe cranberry. If the infective 
agent has already established itself, therefore, the gradually increasing 
quantities of the acid apparently are not sufficient to destroy the fungi. 

Furthermore, GRIEBEL (4) has pointed out that some of the benzoic acid 
in cranberries is combined as esters and as a glucoside of vacciniin. As 
much as 35 per cent. of the total benzoic acid was in the form of the gluco- 
side in some American cranberries analyzed by GrieBeL. It is not known 
whether this combined form of benzoic acid exerts any antiseptic action. 

The percentage of total acids (calculated as citric) in the cranberries 
analyzed varied from 2.08—2.80, with an average of 2.35. Of the nine varie- 
ties listed as only fair or as poor keepers, six had total acid contents below 
the average and one was only 0.03 per cent. above. The keeping qualities 
of 15 varieties were rated from good to excellent. Nine of these had total 
acid contents above and six below the average. 

Pectin as alcohol precipitate was found to vary between 0.86 and 1.66 
per cent., averaging 1.16 per cent. No definite relationship existed between 
keeping quality and pectin content. The average soluble solids content was 
9.1 per cent., with a maximum of 10.6 and a minimum of 7.2. 

Some of the best keeping varieties had a high soluble solids content, the 
variety Budd’s Blues having the maximum amount and having a rating as 
excellent. On the other hand, some of the berries which were poor keepers 
also had a high percentage of soluble solids. 


EFFECT OF QUINIC ACID AS A PRESERVING AGENT 


Cranberries are known to have a quinic acid content of as much as 1 
per cent. (6,13). The following test was made to determine the efficiency 
of quinic acid as an antiseptic, and also to note the effect of the combina- 
tion of quinie and benzoic acids. 

To one series of tubes containing sterile sweet cider there was added 
2 per cent. quinie acid plus 0.1, 0.05, and 0.025 per cent., and no sodium 
benzoate. A similar series was made with the addition of 1 per cent. quinic 
acid and a third contained the sodium benzoate alone. The media were 
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inoculated with yeasts and molds and incubated at room temperature. Re- 
sults are shown on table IT. 
TABLE II 


PRESERVATIVE EFFECT OF QUINIC AND BENZOIC ACIDS 








Quinie acid per cent. 2 2 2 2 t:4 1 1 0 oO 0 
Benzoic acid per cent. | 0.1 0.05 0.025 0 | 0.1 0.05 0.025 0 | 0.1 0.05 0.025 


ON: She - - ~ + - - - * = ee ~ 





UNMIS sec ovceanse - - - +. - - - 4 ea wires 4 








After three days’ incubation there was abundant growth in all tubes 
containing the quinic acid alone, and no growth in the others. At the end 
of ten days the only change was that yeast was growing in the tube con- 
taining 0.025 per cent. sodium benzoate alone. The increased acidity of 
the media containing the added quinie acid probably accounted for this 
difference. No further changes were noted after a month’s incubation 
period. It was concluded that the naturally occurring quinic acid did not 
exert an appreciable antiseptic or germicidal action on fruit spoilage 
organisms. 

Summary and conclusion 

1. The benzoie acid content of twenty-four varieties of cranberries 
ranged from 0.029 to 0.098 per cent., with an average of 0.065 per cent. 

2. The varieties with the best keeping qualities did not always have a 
high benzoic acid content, so that apparently factors other than benzoic 
acid content alone must be largely responsible for the keeping properties 
of the berries. 

3. The quinic acid present did not exert any appreciable preservative 
action on spoilage organisms. 

4. The large percentage of varieties having poor keeping qualities had 
low total acid content, while the good keeping varieties in the majority of 
eases had a high total acid value. 

5. Pectin and soluble solids content did not correlate with keeping 
quality. 

6. Benzoic acid is present in the ripe berry in amounts sufficient to give 
a preservative action. However, high benzoic acid content in a variety is 
not always indicative of good keeping quality; apparently certain physical 
or environmental factors are of greater importance. 
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EFFECT OF ETHYLENE, ETHYLENE CHLOROHYDRIN, AND 
ULTRA-VIOLET LIGHT ON CARBOHYDRATE 
CONTENT OF STORED APPLES* 


ROBERT B. DUSTMAN 


Literature review 


In 1924 CuaceE and Denny (2) described the use of ethylene as a new 
and satisfactory method for the coloring of citrus fruit. Since that time 
various investigators have reported the effect of this and other substances 
upon the general ripening processes of fruits and vegetables. Differences 
of opinion have arisen concerning the effect of these ripening agents upon 
the color changes and the chemical composition of the treated fruits and 
vegetables. REGEIMBAL and Harvey (9) found a decrease in total sugars 
and an increase in direct-reducing sugars in pineapples treated with 
ethylene or propylene. They suggested that the increase of direct-reducing 
sugars arises from sucrose and concluded that the activity of the proteolytic 
enzymes and invertase of pineapples is increased by treatment with ethylene 
or propylene. ENGuiIs and ZANNIs (3), however, reported no acceleration 
of taka-diastase action on soluble starch when the solutions were treated 
with ethylene. This was true also for the diastase of corn meal in acting 
upon the starch of the grain. The rate of hydrolysis of sucrose by invertase 
likewise showed no increase for ethylene treatment. 

In the ease of celery blanched with ethylene, Harvey (4) states that 
“by taste and by chemical analysis treated celery was found to be higher 
in sugar content than untreated celery. It was found, also, that tomatoes 
treated with ethylene were sweeter than untreated fruits.’’ With tomatoes 
he reported a frequent initial appearance of the red color at the stem end 
with subsequent spreading from this region in ethylene-treated fruits. 
KouMan (6), however, could not confirm this color behavior but reported 
that, while color development might be hastened with ethylene, it proceeded 
in the normal manner from the blossom end. Also, Hrpparp (5) found that 
although ethylene destroys chlorophyll and thus blanches celery, chemical 
studies show that ethylene-treated celery is not sweeter than celery blanched 
by boards, and the hearts and stalks of ethylene-treated celery contain less 
total sugars than check lots. With tomatoes, chemical analyses showed a 
much higher total sugar content for vine-ripened fruits than for those 
artificially ripened, but a similar comparison between ethylene-ripened and 
air-ripened tomatoes gave no significant difference. ‘This is said to be at 


1 Published with the approval of the Director of the West Virginia Agricultural 
Experiment Station as Scientifie Paper no. 126. 
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variance with Rosa’s (10) findings that ethylene-treated tomatoes are 
sweeter than those air-ripened. Later Rosa (11) reported no increase in 
sugar content of Honey Dew and Casaba melons picked slightly unripe 
and exposed to ethylene treatment, but the treated melons did show a 
marked acceleration in the rate of softening, in change of green to yellow 
color of the rind and in conversion of reducing sugars to sucrose. 

CuHacE and Cuurcu (1) obtained no appreciable alteration of the com- 
position of the edible portion of citrus fruits treated with ethylene, but did 
find an acceleration in the color development. The same treatment hastened 
the coloring of persimmons, destroying the astringency and producing 
softening. 

Ramsay and Musso (8) state that in experiments with oranges, total 
sugar content was not increased by treating the fruit with ethylene but 
actually was slightly diminished. They report also ‘‘an increase in fruit 
sugar, however, from the hydrolization of the cane sugar present—a process 
the reverse of ripening.’’ 

Wotre (12) studied the effect of ethylene on the ripening of bananas 
and found only a very slight increase in sugars and decrease in starch, 
from day to day, resulting from the ethylene treatment. The treated fruit 
turned yellow at a somewhat more rapid rate than did the controls. 

Harvey (4) states that ‘‘when green apples are intended for cider or 
vinegar it will probably be advantageous to sweeten them by the use of 
ethylene. It should be remembered that starches are rather quickly 
digested under the ethylene treatment, so that better quality in the cider 
may be produced by the increase in sugars as well as by the removal of the 
excess fruit acids.”” No data on composition are given. 

Hipparp (5) reports an experiment in which ethylene was used on 
McIntosh apples in order to study its effect on color. The apples were large 
and of faney grade except for lack of uniform color. They were given daily 
treatments of ethylene over a 2-weeks’ period. The treatment had no effect 
on the development of red color but did destroy the green in the green 
colored areas, leaving them yellow. No analyses are reported. 

The investigation about to be described was carried out for the purpose 
of obtaining data on the effect of ethylene on the composition of stored 
apples, special attention being given to the carbohydrate group. Treatment 
with ethylene chlorohydrin and irradiation with ultraviolet rays were also 
included for purposes of comparison. 


Materials and methods 


In October, two bushels of each variety of apple were picked from trees 
of Stayman Winesap, Rome Beauty, and Ben Davis. Each variety was 
picked from a single tree only and removed to cold storage (33° to 36° F.) 
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within 4 hours after picking. The fruits when taken from the trees were 
selected for uniformity of size, firmness, color, and maturity. On March 
6, four lots were chosen from each variety, each lot consisting of five apples. 
Again at this time every effort was made to select uniform sound fruits, the 
general condition of all three varieties being excellent. 


Investigation 


TREATMENT 

The various lot treatments for each variety were given daily (except 
Sundays) as follows: 

Ethylene, 1 to 1000 by volume; ethylene chlorohydrin, 1 ce. of 40 per 
cent. solution per bottle (allowed to evaporate) ; irradiation with a uni- 
versal model Hanovia mercury are lamp for 60 minutes (30 minutes on 
each side) at 30-cm. distance. The lots were brought from cold storage 
each day except Sundays, the containers thoroughly irrigated with fresh 
air, the treatments repeated, and the fruits returned to storage within 1} 
to 2 hours. Control lots were carried to and from storage, irrigated, re- 
moved from their containers, exposed to room temperatures during the 
same periods, replaced, and otherwise handled as nearly like the treated 
lots as could be done. 

The containers used were 7-liter, wide-mouthed glass bottles equipped 
with rubber stoppers. The actual number of daily treatments given was 35, 
extending over a period of 41 days. At the end of this period the cores 
of all fruits were removed with a cork borer, and diagonal quarters taken 
from each of the five apples in each lot for chemical analysis. At the same 
time the half-apple remnants were used for the immediate determination of 
pH of the expressed juices. This was accomplished by using a Leeds and 
Northrup Type K potentiometer with a quinhydrone electrode, after squeez- 
ing out the juice rapidly through muslin cloth in a small hand-press. 


CHEMICAL ANALYSES? 


The samples taken for analysis were preserved in the usual manner. 
They were weighed, sliced rapidly, and stored after heating in approxi- 
mately 80 per cent. alcohol in glass bottles. On removal from storage they 
were evaporated to dryness in open dishes and dried in a vacuum oven for 
48 hours at 65° C. and at a pressure 27 to 274 inches of mercury below 
atmospheric. After drying, the samples were ground in an agate mortar 
by hand. 

Extraction was carried out first with ether and then with 80 per cent. 
alcohol, using Soxhlet extractors with glass thimbles and ground glass 
joints. The total extraction period for each solvent was 24 hours. 


2 Acknowledgment is gratefully made to Mr. L. C. Suriver, former Assistant in 
Agricultural Chemistry, for much of the chemical work herein reported. 
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The alcoholic extracts were evaporated in the usual manner and the sugar 
solutions cleared with neutral lead acetate and potassium oxalate. 

Reducing sugars were determined directly on an aliquot of the cleared 
solution, using Soxhlet’s modification of Fehling’s solution, and the results 
calculated as invert sugar. 

Total sugars were similarly determined after hydrolysis with HCl at 
37.5° C. (A.0.A.C. method, 7). The difference between the total and the 
reducing sugars was multiplied by the factor 0.95 and designated as sucrose. 

Starch was determined by gelatinizing the residues from the aleoholic 
extractions with hot water, digestion with taka-diastase at 37.5° C. for 24 
hours, filtration, and subsequent hydrolysis with HCl. The reducing values 
were calculated as glucose. This value multiplied by the factor 0.90 was 
designated as starch. 

Hemicellulose was determined on the residues from the starch determi- 
nation. These were treated with 1 per cent. HCl on the boiling water bath 
for three hours. During this treatment the flasks were equipped with reflux 
condensers and completely immersed. Following hydrolysis, the filtrates 
were cooled, neutralized, transferred, made up to volume, and the reducing 
power calculated as glucose. 

Results 


The effect of the treatments described on the chemical composition of 
the fruits is shown in table I and II. 


TABLE I 


FRACTIONAL COMPOSITION AND PH VALUES OF APPLES VARIOUSLY TREATED 








MOISTURE-FREE BASIS 








= : TOTAL PH Or SOLUBLE 
VARIETY TREATMENT MOISTURE EXPRESSED ETHER IN 80 PER 
JUICE EXTRACT CENT. 
ALCOHOL 
% | pH % % 
Ben None 84.9 3.59 5.93 72.40 
Davis Ethylene 84.6 | 3.53 6.17 72.67 
Ethylene chlorohydrin 84.2 | 3.67 5.78 73.72 
Ultraviolet 85.2 3.57 5.05 73.69 
Stayman None 81.7 3.38 5.26 79.65 
Winesap | Ethylene 81.3 3.32 5.45 79.65 
Ethylene chlorohydrin 82.0 3.44 3.58 81.04 
| Ultraviolet 82.1 | 3.43 3.90 81.04 
Rome None 86.4 3.43 5.29 77.31 
Beauty Ethylene 86.6 3.60 3.34 79.42 
Ethylene chlorohydrin 87.5 3.55 3.84 78.97 
| Ultraviolet 86.2 | 3.58 3.78 78.81 
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TABLE II 
CARBOHYDRATE CONTENT OF APPLES VARIOUSLY TREATED; MOISTURE-FREE BASIS 
Repucina| ToTaL | Sucrose | STARCH HEMI- 
, SUGARS SUGARS (0.95 x (0.90 x |CELLULOSE 
aes TeRATMENT AS INVERT | AS INVERT | DIFFER- | GLUCOSE | AS GLU- 
SUGAR SUGAR ENCE) VALUE) COSE 
% % Se | % % 
None 47.94 61.85 13.21 | 0.48 2.89 
Ben Ethylene 49.72 62.58 1323 |; @f1 | 2.22 
Davis Ethylene chlorohydrin 50.80 63.01 11.60 | 059 | 2.20 
Ultraviolet 49.85 63.92 13.37 | 0.51 2.12 
| 
| 
None 57.31 71.07 13.07 0.31 1.07 
Stayman Ethylene 57.26 72.16 14.16 | 0.52 0.80 
Winesap Ethylene chlorohydrin 58.88 70.09 10.65 0.81 1.25 
Ultraviolet 57.64 71.48 13.15 0.61 1.41 
None 57.10 71.15 13.25 | 0.43 0.85 
Rome Ethylene 57.64 71.55 13.21 | 0.55 Lag 
Beauty Ethylene chlorohydrin 57.77 72.64 14.13 | 0.62 0.99 
Ultraviolet 58.02 73.39 14.60 | 0.53 0.91 

















After about four weeks, the ethylene-treated fruits were beginning to 
show a more rapid change of ground color from green to yellow than the 
untreated fruits. By the close of the experiment this color change was quite 
noticeable, and in addition a considerable mellowing and softening effect 
was apparent when the fruits were sampled for chemical analysis. 

By the last days of March some of the Ben Davis apples treated with 
ethylene chlorohydrin were showing slight signs of scald, but this did not 
become pronounced during the remaining days of the experiment. The 
Stayman and Rome varieties were not so affected, but all three varieties 
under ethylene-chlorohydrin treatment showed some softening as compared 
with the controls. 

The only noticeable effect of the ultra-violet irradiation was a very slight 
bronzing of the most directly exposed portions of the fruits, where the color 
was green. 

At the close of the experiment the untreated apples of all three varieties 
were firm, sound, and practically unchanged in ground color. 


Discussion 


Examination of the values in both tables reveals a remarkably close 
agreement in the results from the variously treated and untreated lots. . This 
is true even for such complex groups as the alcohol-soluble and hemicellulose 
fractions. The values for water content are likewise uniform for each 
variety. Collectively considered this uniformity of composition in treated 
and untreated fruits indicates the uniform character of the original material 
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used. The period of treatment was purposely prolonged and the storage 
temperature held low, with the hope that any changes occurring as a result 
of the ethylene or other treatments might be cumulative, and hence less 
transitory and more easily detected and measured. 

The values for the various carbohydrate groups in table II lend secant 
support to the hypothesis that ethylene treatment increases the sugar content 
of stored apples. The variations are no greater than might be expected 
from uniformly treated lots. 

With ethylene treatment, the sucrose of Stayman Winesap was slightly 
increased but it was reduced in like amount in Ben Davis and essentially 
unchanged in Rome Beauty. Conversely, reducing sugars were slightly in- 
creased in Ben Davis but practically unchanged in Stayman Winesap and 
Rome Beauty. 

The ethylene-chlorohydrin treatment appears to have reduced moderately 
the sucrose content in Stayman Winesap and Ben Davis, and slightly in- 
creased their reducing sugars, but the change is not pronounced and does 
not occur at all in Rome Beauty. 

The starch content is low in all three varieties but is no less in the 
ethylene and ethylene-chlorohydrin treated fruits. Clearly neither ethylene 
nor ethylene chlorohydrin has reduced the starch content, the effect, if any, 
being in the opposite direction. 

The acidity of the expressed juice indicates that again there is nothing to 
show that ethylene has affected the pH value of the apples. This measure 
also runs uniform. Since the apples were well matured when picked, this 
feature might not be expected to change materially, except perhaps to in- 
crease in pH value somewhat as softening proceeded. 

The outcome of these experiments has resulted in failure to increase 
either the sugar content or the pH value of the juices of apples held in stor- 
age. Ethylene treatment did hasten the change of color from green to yel- 
low, however, and also the rate of softening of the apple tissues. Other ex- 
periments with ethylene treatment at higher temperatures, not otherwise de- 
scribed in this report, gave similar results with respect to color change and 
softening but in a much shorter period of time. 


Summary 
Ethylene, ethylene chlorohydrin, and ultraviolet irradiation treatments 
of stored apples of Rome Beauty, Stayman Winesap, and Ben Davis varieties 
did not materially affect the chemical composition of the fruit or the pH 
value of the expressed juices as compared with similarly stored, untreated 
fruits. Ethylene treatment hastened the color change from green to yellow 
and likewise accelerated the softening of the apple tissues. 


DEPARTMENT OF AGRICULTURAL CHEMISTRY 
WEST VIRGINIA AGRICULTURAL EXPERIMENT STATION 
MoRGANTOWN, W. Va. 
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LONG AND SHORT WAVE-LENGTH LIMITS OF 
PHOTOSYNTHESIS* 


G. RICHARD BURNS 


(WITH TWO FIGURES) 


A complete description of the apparatus and the experimental procedure 
employed in these experiments has been given elsewhere (1). Briefly, it 
consisted of exposing the plant to one portion of the spectrum for two 
hours, determining the amount of carbon dioxide used, and then exposing 
it to such an intensity of a second portion of the spectrum that the amount 
of carbon dioxide used was the same as in the first ease. Under this con- 
dition it was assumed that the same amount of photosynthesis had occurred 
in the two cases, and that the relative efficiency of the two radiations in 
causing photosynthesis was inversely proportional to their intensities. In 
the experiments described in this paper, the method employed to determine 
the limits of photosynthesis was to compare the amount of photosynthesis 
caused by radiation—well within the limits—with that caused by radiation 
about half of which was within the limit and half just outside. For ex- 
ample, the short wave limit was obtained by comparing the efficiency of 
radiation 5 (fig. 1) with radiation 4, and the long wave limit by comparing 
5 with 2. The different portions of the spectrum were obtained by provid- 
ing each of the light sources with a double filter cell, one compartment being 
1 inch thick and the other 0.5 inch thick. The solution in the 1-inch eell 
was circulated and cooled at the rate of 5 cubic feet per hour. Table I 
gives the filters used, table II and figure 1 the transmission spectra of these 
filters. The wave-lengths given are the wave-lengths at the center of the 
thermopile at each measurement, the spectrum having been shifted the 
width of the thermopile between each measurement. Thus in table II the 


TABLE I 


FILTERS 
COMPOSITION OF SOLUTIONS 











No. | 1-INCH CELL 0.5 INCH CELL 

1 Water Water 

2 | Water 50 gm. K,Cr,0, in 1 liter water 

3 62 gm. CuSO, °5 H,0 in 1 liter water | Water 

4 62 gm. CuSO, 5 H,O in 1 liter water | 500 gm. CuSO, °5 H,O in 1 liter water 
5 62 gm. CuSO,-5 H,O in 1 liter water | 50 gm. K,Cr,O, in 1 liter water 








1 Contribution from the Vermont Agricultural Experiment Station, published with 
the consent of the Director. 
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eighth line, beginning 6461, means that between about 6696 and 6272 A,, 
filter 1 transmitts 105.3 parts of energy; filter 2, 102.0 parts; filter 3, 1.9 
parts ; ete. 
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Fig. 2. Graph of typical results. 


In table III the run number is the serial number of the day on which the 
experiment was performed (July 1 being 1) and the number of primes indi- 
cates whether it was the first or second determination on the tree that day. 
The second column gives the number of the tree; P1 for white pine number 











BURNS: WAVE-LENGTH LIMITS OF PHOTOSYNTHESIS 


647 




















TABLE II 
TRANSMISSION OF FILTERS 
WAVE LENGTH FILTER 1 FILTER 2 FILTER 3 FILTER 4 FIutTer 5 

A Cal. Cal. Cal. Cal. Cal. 
14270 0.4 re te i eee Oe eee 
12230 6.4 a ey (C= ee ee =) 

10610 116.0 eee Re | eee OS | 
9380 162.5 ees a eee Oe oe Oa 
8280 249.0 ees Sc ae: ee a | a ae 

7519 194.0 ee | oe = es 
6931 150.0 A a i a eee. meee: 
6461 105.3 102.0 SE eae es 13 
6082 76.3 73.5 12.5 0.2 12.1 
5769 56.0 50.4 25.4 3.0 24.2 
5502 40.9 16.6 28.2 10.7 12.9 
5270 29.7 0.5 24.4 16.2 0.2 
5071 a rm Masud 19.6 a ee 
4898 0 egies) See wen 14.8 Si ees 

4743 Lo gy Sig digas ee te 11.3 10.7 
4602 BS ee eee 8.4 Ae ane e 
4480 | Se) ee eee 5.6 me Ob =. ae 
4368 > SRS eS eee eee 4.0 Se Somer 
4267 3.4 2.9 ere 
4173 2.5 2.0 eee a ak 
4088 i. Se See 1.3 i i 
4010 |S Agee Oe eee ae Le 3 a | arn 
3936 0.7 0.4 a er 
3867 0.4 0.2 eo me ee 
3803 0.1 0.1 oe. | Se 























1, S1 for Norway spruce number 1, ete. The next column gives the filter used ; 
the next two the decrease in carbon dioxide concentration expressed as per- 


centage total gas (duplicate determinations). 


The column headed radia- 


tion is the radiation in calories per em.? per run x10. These values are not 
p 


corrected for the transmission of the bell-jars, about 89 per cent. 


The cor- 








rected radiation is the radiation that would be necessary to obtain exactly 
the same carbon dioxide decrease as in the companion run, and was 
determined from a graph of the values (fig. 2). The next column gives the 
percentage efficiency of one of the portions of the spectrum as compared with 
the other, and the final column shows the experimental error which would 
result from an error of 0.005 per cent. in the gas analysis and the maximum 
probable error in the graphical determination of the corrected radiation 
value. 

In considering table III, it is interesting to note the change in efficiency 
exhibited by a tree toward a given portion of the spectrum on successive 
days. While the change is usually less than 10 per cent., it may be as high 
as 50 per cent. for the first two or three days of exposure to a new radiation: 


te 


A ot ale yee ene 
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TABLE III 
CARBON DIOXIDE 
EXPERI- 
: DECREASE CORRECTED EFri- 
RUN TREE (DUPLICATE DE- RADIATION CIENCY ao 
TERMINATIONS ) 
Cal. x 10 % % 

7 Pl 5 0.120 0.120 Ra 

7” Pil 3 0.135 0.135 31.2 106.0 3 
8 Pl 3 0.180 0.175 43.3 R6 4 
8” Pl 5 0.200 0.190 5 

9’ Pl 5 0.285 0.290 ; rr 
9” Pl 3 0.235 0.240 56.4 82 + 
11’ Pl 5 0.345 0.340 = 
11” Pl 3 0.290 0.280 60.5 83 4 
32° Pl 8 0.260 0.250 50.0 75 2 
12” Pl 5 0.270 0.260 
14’ Pl 5 0.365 0.365 m oo 
14” Pl 3 0.250 0.255 69.5 73 5 
7 P2 5 0.045 0.045 a 
7” P2 3 0.050 0.050 28.4 112 3 
8’ P2 3 0.090 0.085 53.5 79 8 
8” P2 5 0.185 Be TERS aS es eae. lan aree) 
9’ P2 5 0.200 0.210 fi OR 
9g” P2 3 0.185 0.190 54.3 87 3 
lV’ PZ 5 0.280 0.270 = re) 
11” P2 3 0.240 0.245 60.5 93 3 
12” P2 3 0.180 0.180 49.0 90 4 
12” P2 5 0.210 0.215 
14’ P2 5 0.290 0.290 ae ae 
14” P2 8 0.215 0.220 64.2 78 5 
16’ P3 5 0.215 0.215 oe 
16” P3 3 0.240 0.240 4 95 4 
18’ P3 3 0.145 0.145 27.0 79 7 
18” P3 5 0.120 0.125 
19’ P3 5 0.240 0.245 ; = 
19” P3 3 0.245 0.245 377 85 2 
20° P3 3 0.170 0.170 31.5 82 4 
20” P3 5 0.155 Se ee ee, eee ere 
21’ P3 5 0.200 0.200 2 2 
21” P3 3 0.205 0.210 31.3 93 5 
22’ P3 3 0.170 0.170 4.8 75 6 
22” P3 5 0.210 el a ci, ieee nam m (leueo se oe 
16’ P4 5 0.195 0.200 ; By pons 
16” P4 3 0.205 0.200 34.2 110 10 
18’ P4 3 0.135 0.140 25.0 90 5 
18” P4 5 0.105 eee a <mee  pee  e — ey 
19” P4 5 0.230 0.225 ; ok 
19” P4 3 0.205 0.210 | 36.7 86 3 
20’ P4 3 0.190 0.190 | 31.5 93 3 
20” P4 5 0.180 0.180 
21’ P4 5 0.245 0.250 ; viens aed 
21” P4 3 0.190 0.190 40.8 84 4 
22’ P4 3 0.165 0.165 33.7 81 5 
22” P4 5 0.200 0.195 
23” Pi 3 0.160 0.160 33.8 w se 
23” Pl 4 0.135 0.135 84 6 
27’ Pl 4 0.190 0.195 nm 85 8 
27” Pl 3 0.280 0.280 38.4 
29° Pl 3 0.175 0.175 33.3 
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TABLE IlI—(Continued) 











RuN 


CARBON DIOXIDE 

















EXPERI- 
DECREASE RapDI- CoRRECTED EFFI- é 
TREE FILTER (DUPLICATE DE- ATIONS RADIATION CIENCY MEWEAL 
TERMINATIONS ) as 
| Cal.x 10 | Cal.x 10 % % 
4 sm ieas | ae ij .. 83 3 
4 0.305 | 0.305 | 69.2 | nn. 79 2 
3 0.295 | 0.295 | 53.2 54.6 4 ai 
4 0.105 | 0.115 | 33.7 ee 85 3 
3 0.120 | 0.115 | 29.7 i ie oe oe 
3 0.210 | 0.210 | 43.3 40.0 a ne 
4 195.1) 0185 | SOS | ~..m 80 3 
3 0.125 | 0.125 | 40.1 40.5 - 
4 0.125 | 0.130 | 443 |... 91 2 
4 0.195 | 0.195 | 49.2 eae: 88 7 
3 0.225 | 0.230 49.5 BR I cg 
3 0.175 | 0.170 34.8 30.3 Aik ; 
4 0.140 | 0.135 41.8 72 6 
4 0.280 | 0.275 wee = Af Wee 85 4 
3 0.250 | 0.250 55.8 60.0 a eS 
4 0.105 | 0.105 36.7 yee 80 6 
3 0.125 | 0.120 | 31.9 29.5 
3 0.135 | 0.1385 | 42.1 51.3 a ae 
4 0.190 | 0.185 | 518 |__..... 99 8 
3 0.140 | 0.140 | 169 18.7 ; 
1 0.165 | 0.155 65.2 28.7 8 
1 0.295 | 0.295 ie i ae 44.4 14 
3 0.145 | 0.150 29.8 47.6 
3 0.210 | 0.210 | 41.8 47.0 
1 0.250 | 0.245 | 913 | oo... 51.5 4 
1 0.170 | 0.175 | 72.7 cde 45.9 2 
3 0.175 | 0.175 | 33.6 33.3 
3 0.180 | 0.180 35.3 34.4 
1 0.170 | 0.175 SY oe (ee 52.3 2 
1 0.250 | 0.250 | 84.9 sty 55.0 4 
3 0.220 | 0.220 | 42.4 46.6 
3 0.225 | 0.220 | 41.8 36.8 ae 
1 0.185 | 0.185 | 75.2 Os 49.0 2 
3 0.130 | 0.125 | 16.0 17.3 
1 0.140 | 0.145 | 64.6 26.8 6 
1 0.280 | 0.280 | 1095 |  ..... 49.6 10 
3 0.140 | 0.140 33.3 54.3 
3 0.235 | 0.230 42.9 45.5 - 
1 0.250 | 0.250 Se ee 49.0 3 
1 0.170 | 0.170 1 9 i (irene 44.0 3 
3 0.175 | 0.175 33.1 32.4 
3 0.175 | 0.175 33.3 28.5 am 
1 0.140 | 0.135 ot oo 3 5 
1 0.215 | 0.215 Seaticil taxed 50.5 2 
3 0.210 | 0.205 42.0 see. | <n. 
3 0.200 | 0.205 42.8 39.0 
1 - +. toe 
7 SA fags Secs set I I nae ek ete cee) lees Bd: 
BSA ere = earns IA. La 
5 
oO PCGaee: | BBB Pl 
S - | [Ore | Oe .| BS | cae 
S «) gee |(@ee0. | Sta | Sas fp. we fon 
Seer? Sale | “See |: SRR ot 
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TABLE IIlI—(Continued) 











CARBON DIOXIDE 

















EXPERI- 
DECREASE RapI- CoRRECTED EFFI- 
RUN TREE FILTER (DUPLICATE DE- ATIONS RADIATION CIENCY MENTAL 
TERMINATIONS ) aes 
| Cal.x10 | Cal. x10 % % 
2 0.135 | 0.135 ee 40.6 4 
2 0.130 | 0.130 63.9 | xe 45.1 6 
5 0.095 0.095 a oe Tapers: 
5 0.095 | 0.095 248 | 26.0 anit Mi: 
2 0.105 | 0.105 56.2 | = 46.3 4 
| 
: BLING SLAY vie eS woe 
5 0.050 | 0.050 116 | 177 ‘ 
2 0.160 | 0.155 | 546 | 32.7 25 
2 0.060 | 0.060 | 58.7 i 36.0 3 
5 0.050 | 0.050 20.1 Fe ae 
5 0.060 | 0.060 24.0 27.0 is f 
2 0.090 | 0.090 62.7 43.0 4 
2 0.110 | 0.110 62.5 41.6 4 
5 0.085 | 0.085 23.9 Fae ess, Bala 
5 0.100 | 0.100 24.3 24.0 one ihe 
2 0.095 | 0.100 56.2 41.7 2 
2 0.075 | 0.075 54.6 | 41.7 5 
5 0.070 | 0.070 ee eee eed 
5 0.085 | 0.085 22.3 | 18.6 eaiee “ees 
2 | 0.055 | 0055 | 449 | ..... a ae 
2 | 0110 | 0.110 | 571 39.0 | 4 
5 0.105 | 0.105 21.8 oe. 2. a | 
5 0.120 | 0.120 21.7 teal Giarad . > tes 
2 0.120 | 0.120 57.7 37.6 | 3 
2 0.160 | 0.160 55.0 39.1 | 3 
5 0.160 | 0.160 21.5 21.5 oi Tie! 
2 0.110 | 0.115 56.0 | Z 47.7 6 
5 0.080 | 0.085 a a ere meee 
5 0.105 | 0.105 23.5 | 18.3 ; 
2 0.055 | 0.055 45.5 40.2 11 
2 0.110 | 0.105 61.7 am 38.9 3 
5 0.100 | 0.105 23.5 24.0 a 
5 0.130 | 0.130 23.0 22.6 2 
2 0.125 | 0.125 61.3 36.9 
: : 
5 
5 
4 
4 
5 
5 
4 
4 
5 
5 
4 
4 
5 
5 
4 
4 
5 
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Run 39, P38, filter 3, —41%; filter 1, - 6% 
Run 39, P4, filter 3, —50%; filter 1, -11% 
Run 51, Sl, filter 2, — 6%; filter 5, -13% 
Run 51, 82, filter 2, —-34%; filter 5, -42% 


From the values in table III the weighted averages of table IV were ob- 
tained. The limits of photosynthesis were calculated by means of the trans- 
mission spectra of the filters and the weighted averages on the following 
assumptions : 

1. The absorption and reflection of the plant does not change with 
changing wave-length. Since absorption is less and reflection greater in the 
center of the visible spectrum, this assumption would make the calculated 
limits somewhat too far apart. 

2. The amount of photosynthesis is proportional to the number of quanta 
and not to the energy of the radiation. If the amount of photosynthesis were 
proportional to the energy, the red limit would be moved out about 160 A. 
and the blue in about 120 A. 


TABLE IV 


EFFICIENCY OF FILTERS AND LIMITS OF PHOTOSYNTHESIS 
































Tare FILTERS EFFICIENCY LIMIT OF PHOTO- 
. “4 A IN TERMS OF B SYNTHESIS 
% Aa 

Renae 2 5 42.8 7430 
$2 2 5 40.5 7380 
BO esses 2 5 39.7 7340 
___ Speiere 2 5 41.5 7390 
eens 4 5 65.4 4660 
ee 4 5 65.3 4660 
Pi 4 5 66.1* 4650 
; , - eens 4 5 73.3* 4490 
|. pena 3 5 80.0 4630 
err 3 5 85.4 4430 
| eee 3 5 82.8 4530 
P4 3 5 86.0 4390 
Pl 4 3 82.6 4460 
P2 4 3 85.8 | 4370 
oo 1 3 49.8 | 7160$ 
geen 1 3 48.3 7140t 
BM tae: 1 5 41.2t 7220t 
| pone 1 5 41.5t 7230t 








* Calculated from 3-5 and 4-3. 
t Calculated from 1-3 and 3-5. 
t Violet limit set at 4540. 
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3. The quantum yield does not change with changing wave-length. 
4. The limit of photosynthesis is sharp. 

These assumptions are being made the subject of further study, as is the 
ability of the plant to adapt itself to the use of different wave-lengths. In 
calculating the limits, the transmission spectra were put on an approximate 
quantum basis by multiplying the energy at a particular spectrograph setting 
by the wave-length at the center of the thermopile. The radiation intensities 
were multiplied by the average quanta per calorie value of the particular 
filter as determined from the transmission spectra. 

The 2-5 and the 4—5 filter combinations (table IV) should give the most 
accurate results and the other values are included for comparison. 

It should be noticed that P1 had the lowest value in the 3-5 runs and 
doubtlessly the limit obtained from P2 is more typical. An error of 10 per 
cent. in the efficiency would shift the values 100 A in the red and 140 A in the 
blue. On the other hand the spectrograph readings, the calculations and the 
filters employed should yield more accurate results in the blue. In consider- 
ing the blue limit it should be remembered that WarBuRG and NEGELEIN (2), 
with algae, found only a 25 per cent. decrease in the quantum yield at 4360 A. 
This difference in the short wave limit is probably due to the characteristics 
of the plants or to the fact that the trees were purposely not acclimated to 
blue and violet light. 


Summary 
A study of the limits of photosynthesis of white pine and Norway spruce 
showed that these trees were able to use all of the visible spectrum with the 
exception of part of the blue and all of the violet. 


VERMONT AGRICULTURAL EXPERIMENT STATION 
BURLINGTON, VERMONT 
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EVAPORATION IN ITS THERMODYNAMIC RELATION TO THE 
COHESION THEORY AND TO IMBIBITIONAL AND 
OSMOTIC PRESSURES OF CELL 
CONSTITUENTS 


CyuyDE Homan, T. F. Youneé, AaNnD CHARLES A. SHULL 


(WITH THREE FIGURES ) 


That the upward flow of dilute solutions in the tracheae of the taller 
plants results from a tension in the column of liquid sustained by its co- 
hesive forces (correlated with evaporation from the cells at the top of the 
column) has been postulated in the well known cohesion theory of Dixon 
and Joty (3). The purposes of this paper are to show that the maximum 
tension or negative pressure in the tracheae depends on the relative humid- 
ity of the atmosphere, to show how evaporation operates to produce this 
tension, and to call attention to a thermodynamic equation by which pos- 
sible and theoretical values may be calculated. The use of a similar equa- 
tion in determining osmotic and imbibitional pressures of cell constituents 
and soils is also illustrated. 

A simple mechanical apparatus for the production and demonstration 
of negative pressures produced by evaporation is shown in figure 1. The 
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Fic. 1. Apparatus for production and demonstration of negative pressures by 
evaporation. 
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membrane, M, which is sealed to the top of the cylinder, C, contains pores 
which permit water to pass from the cylinder and evaporate into the atmos- 
phere. The cylinder is filled with gas-free water. The piston, P, is free to 
move, but is so made that no air may leak past it. We shall neglect its own 
mass and that of the liquid in the cylinder, and concentrate our attention 
on the variable mass, W. 

When water evaporates from the upper surface of the membrane, the 
volume of the liquid in the chamber decreases; and the piston, if free, is 
drawn upward. Now as we observe the rise of the piston we may increase 
the weight, W, until the resulting downward force has produced such a 
negative pressure or tension in the liquid that further loss of water by 
evaporation (and consequent rise of the piston) is stopped. This force 
divided by the area of the piston (less the atmospheric pressure acting on P) 
is, of course, the negative pressure within the cylinder. Should W be fur- 
ther increased, water vapor would condense from the atmosphere, pass 
through the membrane into the cylinder, and the piston would descend. 
The column of water in the cylinder corresponds to that in the tracheae, 
and the membrane corresponds to the mesophyll cells. For each set of 
conditions (temperature, relative humidity) there will be a unique value 
of the negative pressure which can be calculated by an equation first used 
by Poyntine (5): 


dP Me 


in which P, is the pressure within the liquid, P, is the (partial) pressure 
of vapor above the membrane, and V, and V, are the molal volumes (the 
volume of one mole of liquid or vapor) of the liquid and gaseous water 
respectively. 
The molal volume of the vapor may be represented approximately by: 
RT 
V2 P, 
is the absolute temperature. The volume of the liquid does not vary greatly 
for moderate changes in pressure. If we represent it simply by a constant, 
V;, equation (1) may be integrated: 


in which R is the gas constant, 82.06 cc. atm. mole deg,', and T 


P,-Py’=4P, =~ In By = 2.3026 =~ log is (2) 
Here P, is the partial pressure of water vapor above the membrane when 
equilibrium is established, P,’ is the vapor pressure of the water when the 
pressure on the liquid is one atmosphere (1.013 x 10° dyne em.~*). [This is 
nearly the vapor pressure (within 0.1 per cent.) of H,O when the liquid 
water is subjected to its own vapor pressure]. P,’ is the atmospheric pres- 

















HOMAN, YOUNG AND SHULL: EVAPORATION 655 


sure to which P,’ corresponds, i.e., one atmosphere, and P, is the variable 
pressure within the liquid to which P, corresponds. When P,/P,’ is less 
than one, P,; —P,’ is negative. When P,/P,’ becomes sufficiently small, P; 
itself becomes negative. 

The pressure difference inducing the flow of sap within the plant is the 
pressure on the cells of the roots minus the pressure produced in the 
mesophyll sap by evaporation, i.e., P;’-—P,. This difference (which is 
one atmosphere minus the pressure, P,) we shall designate for con- 
venience the stromogenic pressure difference. When the stromogenic 
pressure difference is greater than one atmosphere, a negative pressure or 
tension exists in the liquid, and in such cases the term stromogenic tension 
may be employed. 

In table I, column 2, are listed calculated values of the maximum stromo- 
genic tension which can be produced in pure water by evaporation into 
an atmosphere in which the relative humidity has the values listed in 
column 1. In making these calculations we have neglected the change (with 
pressure) of the molal volume of water. 

Extrapolating the density data of BripamMan (1), we have also obtained 
the values in column 3. The corrections, involving extrapolation, may not 
be precise but serve to illustrate the magnitude of the errors in column 2. 
There are two minor approximations in the calculation. We have used the 
perfect gas law, and Dalton’s law of partial pressure. The data given are, 
of course, for pure water, and not for dilute solutions, such as the soil solu- 














TABLE I 
MAXIMUM STROMOGENIC PRESSURES AT 20° C.* FOR VARIOUS RELATIVE HUMIDITIES 
STROMOGENIC TENSION 
RELATIVE HUMIDITY CALCULATED, NEGLECTING CORRECTED FOR VARIATIONS 
VARIATIONS IN V, IN V, 
% atm. atm. 
99.9 1.33 1.33 
99.5 6.68 6.68 
99.0 13.40 13.39 
98.0 26.93 26.91 
95.0 68.4 68.3 
90.0 140.4 140.0 
70.0 475 | 471 
50.0 924 906 
30.0 1605 | 1550 
10.0 3069 | 2880 








* According to the equation, the usual variations in temperature would affect the 
pressures but little, as these are proportional to the absolute temperature. 
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tion and sap in the tracheae. For such dilute solutions appropriate correc- 
tions could be applied, for the vapor pressure of water from the solution, 
and for the difference in the molal volume (partial molal volume—see later) 
of water in the solution. 

It is not likely that (negative) pressures within liquid water can ever 
reach the higher values indicated in the table. The greatest tension obtained 
experimentally in water by Dixon (2) was 158.4 atmospheres, and in plant 
sap 207 atmospheres. Higher values, however, may be possible, and theory 
indicates that they are. 


Osmotic and imbibitional pressures 


Figure 2 represents an idealized apparatus for illustrating two con- 
venient methods for applying and measuring osmotic and imbibitional pres- 





A. VW 
—¥Y Pure Water iy ae 7g 























rigid 
semipermeable 
membrane 


Fig. 2. Apparatus for applying and measuring osmotic and imbibitional pressures. 


sures. The first, the usual method, is to maintain the pressure on the pure 
liquid constant, and to apply and measure the pressure which must be ap- 
plied to A to prevent osmosis through the semipermeable membrane at the 
center. The second method is to maintain the solution or gel at a con- 
stant pressure, and decrease the pressure on the pure liquid B (to negative 
values if necessary) until osmosis or imbibition is prevented. The two 
values so obtained are not in general exactly the same, since the effect of a 
decrease in pressure on the molal volume is not the same as an increase, and 
because the molal volume of the pure liquid is not the same as the partial 
molal volume’ of the solvent in the solution. The differences are small for 
dilute solutions, and we shall refer later to the values determined by 
the second method, ?%.e., that involving a reduction of the pressure on the 
pure solvent. 

The water in every solution or gel having a given osmotic or imbibitional 
pressure, Il, would be in equilibrium with an atmosphere of some definite 

1 The partial molal volume, v, as defined by G. N. Lewis (4) is the increase in 


volume per mole of water (or any other substance) added when the amount added is 
infinitesimal, i.e, v=dV/dn where V is the volume of the solution containing n moles 


of water. vV is not difficult to determine experimentally. Like the molal volume of the 
pure liquid, it is a function of pressure and temperature. It is also a function of the 
composition of the solution, and differs very little from the molal volume of the pure 


liquid when the solution is dilute. 
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relative humidity which may be calculated. If Il represents the osmotic 
pressure of the solution as measured by method 2, then the water in the 
solution is in equilibrium with water under the negative pressure Il. The 
partial pressure of water vapor in equilibrium with the latter can be cal- 
culated from equation (2). Since the solution must be in equilibrium with 
water vapor at the same partial pressure, it follows that the osmotic pres- 
sure II of any solution is related approximately to the relative humidity of 


the atmosphere in equilibrium with it, by the equation: 


II <i et Py 


Vi re. 
This is a well known thermodynamic equation. 

Consider for example a solution, the osmotic pressure of which is 68.3 
atmospheres. Such a solution placed in the right chamber of figure 2 
would of course be in equilibrium with water in the left chamber under a 
tension of 68.3 atmospheres. The latter would be in equilibrium with the 
atmosphere when the relative humidity is 95 per cent. (see table 1), and 
the solution is in equilibrium with the same atmosphere. 

If a negative pressure is applied to a solution the osmotic pressure of 
which is not negligible, the relative humidity corresponding may be eal- 
culated approximately (accurately for dilute solutions at low pressures) by 
use of equations (2) and (3) together. Suppose the solution whose osmotic 
pressure is 68.3 atmospheres is placed in the chamber of figure 1. If the 
relative humidity is reduced from 95 to 90 per cent., to prevent evaporation 
the weight, W, would have to be such that a tension of approximately 140 - 
68.3, or 71.7 atmospheres were produced in the cylinder. If no pressure 
were applied, evaporation would go on until the concentration of the solu- 
tion corresponded to an osmotic pressure of 140 atmospheres. If the relative 
humidity were raised from 95 to 99 per cent., a pressure of 68.3 —13.4=55 
atmospheres would have to be exerted by the piston P. In the absence of 
any such pressure, water would be absorbed from the atmosphere, and the 
solution would become more dilute until its osmotic pressure had been 
reduced to 13.4 atmosphere. 

Figure 3 will be used to illustrate some of the points brought out pre- 
viously in connection with mesophyll cells abutting on tracheae. A is a 
membrane, as in fig. 1, but it is not rigid and is free to move up and down 
the cylinder. B is a semipermeable membrane held rigid, while P is a piston 
as in fig. 1. If compartment AB contains a solution whose osmotic pressure 
is 68.3 atmospheres, if the relative humidity above the membrane A is 95 
per cent. (see table I), and if a pull equivalent to 68.3 atmospheres is ex- 
erted by W on piston P, the system will remain stationary. Should the 
relative humidity drop to say 90 per cent., however, membrane A will move 





(3) 
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Fie. 3. Apparatus model to illustrate the action of mesophyll cells. 


downward as the concentration and the osmotic pressure increase. The 
piston P will then move upward as water diffuses through membrane B and 
evaporates from membrane A. If W, however, is increased at the time the 
relative humidity is decreased to 90 per cent., until a pull of 140 atmospheres 
is exerted, water will pass downward through B and evaporation will take 
place from A (which would move downward) until the osmotic pressure 
becomes 140 atmospheres due to increasing concentration. Equilibrium 
would then be reached. Thus it is that were it not for delay in reaching 
equilibrium resulting from slowness of diffusion, the stromogenic tension 
and the osmotic pressure of the cell vacuoles would be constantly the same, 
and in equilibrium with each other. 

Since diffusion through cell walls and in and out of submicroscopie pores 
in the walls and through stomatal pores must be a very slow process, whereas 
the flow of sap may be relatively rapid, it is probable that, under actual 
conditions, nowhere near the theoretical maximum pressures are ever pro- 
duced in active tissues. In addition, external and internal conditions are 
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constantly changing, and calculations made from the relative humidity of 
the external air could not be taken as a basis for calculating actual stromo- 
genic tensions, ete., but would indicate only the possible tensions that could 
be produced, were all conditions suitable. They do show, however, the high 
reserve in lifting ability over what even the tallest trees require. Even 
in low-growing plants a considerable portion of this reserve lifting ability 
may be utilized at times to overcome friction in the tracheae, ete., and to 
withdraw water from dry soils in which water is held at high imbibitional 
pressures. 


Stromogenic tension at wilting point of leaves 


Since the relative humidities of natural atmospheres are frequently 
as low as 20 to 30 per cent., it is evident that the construction of plants 
enables them to prevent the evaporation of water to a marked degree, or they 
would quickly perish. It is possible that extreme xerophytes (Opuntia spp., 
ete.), and possibly epiphytes may be the only types of plants that could 
continue to live and grow in an atmosphere containing water at very low 
partial pressure. Mesophytes would promptly wilt when the water supply 
is shut off at the roots and the internal atmosphere drops only a small 
amount below saturation. In such types 68 atmospheres would be a high 
average value for the osmotic pressure of the cell vacuoles, and wilting would 
occur at 20° C. when the internal atmosphere of the leaf reached a relative 
humidity of 95 per cent. (assuming that the osmotic pressure is 68 atmos- 
pheres). Since the relative humidity of the external atmosphere is much 
below 95 per cent., it is obvious that the epidermal cells with their cutinized 
surfaces and stomatal pores must operate efficiently in maintaining the 
humidity of the atmosphere surrounding the thin-walled mesophyll cells 
in a state of approximate saturation. 

It would no doubt be possible to determine the relative humidity of the 
internal atmosphere of the leaf at the time of wilting, which would be 
closely related as described previously to the maximum possible stromo- 
genic tension which these leaves could develop at wilting. The detached 
leaves could be put into a closed chamber and the point determined at 
which a decrease in the relative humidity produced an observable loss of 
turgor, while an increase in humidity restored the loss. (The definiteness 
of this point would vary with different leaves, and it is conceivable that 
certain types of leaves would not readily indicate the loss of turgor in the 
internal cells). The relative humidity could be found by analysis of a 
sample of the air from the chamber, or by calculation from the water con- 
tent of sulphuric acid placed in the chamber. The use of a slightly pulsat- 
ing pressure in the chamber might be desirable to hasten the approximation 
of equilibrium conditions. 
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Application to soils 

Suppose a sample of soil were placed in a closed container and allowed 
to come to equilibrium with air of some selected relative humidity. If the 
relative humidity were then lowered, water would be lost by the soil. The 
loss, which could be determined by weight, would represent the amount of 
water held within the range between the two imbibitional pressures corre- 
sponding to the respective humidities. Thus if the soil sample lost a certain 
amount of weight while slowly changing from equilibrium conditions at 70 
per cent. relative humidity to equilibrium conditions at 50 per cent. relative 
humidity, this loss would represent the amount of water absorbed with a 
pressure between 900 and 480 atmospheres. 


Habitat measurements 


By use of the methods here outlined one can calculate and compare the 
stromogenic tensions, and the imbibitional and osmotic pressures that could 
be developed in different environments, and at different times of day in the 
same environment. Thus in table II is shown the mean calculated stromo- 
genic tensions for the months of January to July, 1932, at Washington, D. C. 

The data are based on computations using Weather Bureau records? 
taken at 8:00 a.M., noon, and 8 p.m. Each value is based on the average 
relative humidity and temperature at the given hour for the entire month. 


TABLE II 


AVERAGE STROMOGENIC PRESSURES ATTAINABLE AT CERTAIN HOURS FOR THE FIRST SEVEN 
MONTHS OF 1932 aT WASHINGTON, D. C. DATA FROM WEATHER BUREAU 

















MontTH | 8: 00 A.M. Noon 8: 00 P.M. 

| atm. atm. | atm. 
WE cncictnmcienes a 400 700 | 600 
February | 400 800 1000 
eae ealcios 500 900 800 
TINIE sisi serciccsissssctnia 600 1200 1000 
ARE | 500 1000 | 800 
SRR Sane | 500 900 | 700 


MM Acari orokaincace Ce 500 900 800 





On the dryest day of January, 1932 (the 31st), these figures were, at 
8:00 a.m., 1300 atm. ; at noon, 1900; at 8: 00 p.m., 1500. 

Psychrometrie readings taken among the dunes around Lake Michigan 
indicate occasionally relative humidities as low as 20 to 30 per cent., and an 
imbibitional pressure at such times equivalent to about 2000 atmospheres. 


2 The original meteorological data were furnished by Mr. M. C. BENNETT, Acting 
Chief of the Climatological Division of the Weather Bureau. 
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Laboratory air is usually arid, and seeds kept in laboratory storage will 
have a greater imbibitional pressure than seeds which are taken air dry from 
a natural environment. This is due to the greater evaporating tendency 
of water in laboratory air. The values found for seed colloids by 
SHULL (6, 7) using methods involving osmotie and vapor pressure equilibria, 
950 to 1250 atmospheres, are therefore higher than the average values given 
in table II. The close agreement of the calculated imbibitional pressures 
required to prevent evaporation in natural atmospheres with the observed 
colloidal imbibitional pressures in arid dry seeds are in satisfactory agree- 
ment with the original measurements of these materials. 
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PREPARATION OF HUMATE IRON AND OTHER HUMATE 
METALS 


C. KENNETH HORNER, DEAN BURK, AND Sam R. HOOVER 


Introduction 


It has been shown that humate iron is a highly active stimulator of 
bacterial growth and an excellent source of iron for the general nutrition 
of plants, and that it is often more convenient to employ than other forms 
of iron now available, such as the sulphate, citrate, or tartrate (1, 2, 3, 6). 
It is, moreover, not precipitated in physiologically alkaline solutions nor by 
high concentrations of phosphate. Our previous studies in this connection 
were not concerned with efficient methods of preparation of humate iron, 
since most of the work involved microcultures of bacteria and hence rela- 
tively small requirements of material. In view of the considerable interest 
in this form of iron, and other humate metals, which appears to have de- 
veloped among plant physiologists, the conditions essential to obtaining the 
large amounts needed in the case of higher green plants have been worked 
out and are reported herewith. 


Synthetic humate 


In the preparation of the metal-free synthetic humate itself from sugar 
and hot strong mineral acid, the optimum percentage yield is confined to 
somewhat narrow ranges of the several determining variables. To obtain 
three-fourths or more of the optimum percentage yield, the following re- 
quirements hold in general: sugar, 3 to 20 gm. per 100 cc. acid solution; 
acid, 25 to 40 ee. cone. H,SO, per 100 ce. acid solution; temperature and 
duration of heating, 2 to 3 hours at the boiling point (115° C.). The per- 
centage yield decreases markedly above a sugar concentration of 20 gm. 
per 100 ec. because of greatly enhanced formation of caramel and humus 
compounds insoluble in dilute alkali. The absolute yield may be increased 
twofold as the sugar concentration is increased from 10 gm. per 100 ce. up 
to saturation, but the yield of secondary products is increased three to six- 
fold. Glucose, starch, sucrose, molasses, cellulose (filter paper), and saw- 
dust give yields equivalent within 25 per cent.; dextrin and xylose appear 
somewhat inferior. Factors of cost, availability, and purity would de- 
termine the substance to be used. The writers have used sucrose and 
glucose chiefly. HCl is only about one-fourth as effective as H.SO,, at the 
optimum concentrations, and has the disadvantage of being volatile. Gla- 
cial H,PO, is considerably less effective than HCl. “Heating on the steam 
bath at 80° C. requires 48 hours to produce the yield obtained in 2 hours 
by heating over a flame or in an autoclave at 115° C. It is preferable to 
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employ volumes of at least 100 ce. of acid-sugar digestion mixture in con- 
tainers several times this capacity. The iron or metal salt is no longer 
added to this mixture, as formerly, but to the finally purified neutral potas- 
sium humate, the details of preparation of which now follow. 

One liter of 30 volume per cent. H,SO, (i.e., containing 300 ee. cone. 
H,SO,) is brought to the boiling temperature, 100-150 gm. sugar added, 
and the mixture allowed to simmer for 3 hours. It is then cooled and cen- 
trifuged in non-corrosive vessels, discarding the liquid phase. Concen- 
trated KOH (or NaOH) solution is added to the solid phase until upon 
being partially dissolved the solution becomes alkaline to phenolphthalein, 
the latter being employed as an outside indicator and used with somewhat 
diluted portions of test solution. The material is recentrifuged, using 
either an ordinary centrifuge or a Sharples supercentrifuge. The solid 
phase contains alkali-insoluble humus and is discarded after one or more ad- 
ditional washings with dilute alkali to recover small amounts of occluded 
humate. The alkaline extract and washings, containing relatively pure, 
soluble potassium humate, are combined and further purified by at least one 
more cycle of precipitating with H,SO, at pH 3 to 4 (brom phenol blue as 
outside indicator), centrifuging, discarding the slightly acid liquid phase, 
and dissolving the solid hydrogen humate by neutralization with 1 to 5 per 
cent. KOH to give a neutral or slightly alkaline solution (brom thymol blue 
employed as outside indicator). The concentration of humate in the final 
stock solution thus prepared may be determined by precipitating the humate 
in a 1 ee. aliquot portion in a weighed centrifuge cup, centrifuging, dis- 
carding the liquid, drying at 100°C., and reweighing. Occluded white 
K,SO, sometimes present in the dried humic acid may be corrected for by 
washing with water, recentrifuging, and redrying as before, or by combust- 
ing the dried sample in a crucible and determining the ash. A yield of 15 
to 30 gm. humate (10 to 20 per cent.) should be obtained from an original 
150 gm. sugar. 

A microcombustion carried out by Miuprep S. SHERMAN on synthetic 
humie acid prepared from glucose by this improved method and washed as 
free from ash as possible gave the composition ratio: C, 64.95; H, 3.85; 
ash (chiefly K,SO,), 0.5; and O (by difference), 30.7. This corresponds on 
an ash-free basis to an atomic ratio C,.,,H,..,0,..., an empirical formula 
(C,(H,O)...)n, and a molecular weight of (109.9),, where n is not neces- 
sarily a whole number. The synthetic humic acid is thus chiefly a condensa- 
tion product of sugar, with the loss of about two-thirds of the molecular 
water. Little or no oxidation is involved, unless of a Cannizzaro or similar 
internally compensating type. Methoxyl groups (—OCH,) oceur. 

The theoretical yield of humic acid from glucose calculates out as 
(109.9/180.1) (100), or 61.0 per cent., and is considerably less than 100 per 
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cent. because of the much lower molecular weight of humic acid per unit of 
earbon. The experimental yield of 10 to 20 per cent. is thus about one- 
fourth the maximum theoretically possible. In view of the numerous side- 
reactions occurring, this yield, while conceivably still improvable, must be 
regarded as satisfactory, especially as it represents an improvement of 50 to 
100-fold over the formerly obtained 0.2 per cent. 

The preparation of synthetic humate from sugar has been studied to a 
certain extent by Fraps (5). No separation was made of the large amount 
of charred carbon and other alkali-insoluble and acid-insoluble humus 
material from the acid-insoluble, alkali-soluble humic acid proper, and hence 
the results obtained were not comparable with those presented here. Much 
of the basic chemistry and methods of preparation of both the synthetic 
and natural humates was already well worked out one hundred years ago 
by SprRENGEL (7), but not from the detailed point of view of interest and 
applicability here presented. 


Natural humate 


Natural humate is extracted from soils as before (1, p. 416), except that 
only one or two cycles of purification are strictly necessary, instead of four 
or five as then recommended. Garden soils should yield 1 to 4 gm. humate 
per 100 gm. soil, and more in the case of peat. Any naturally decomposed 
organic matter may be employed. Natural humate differs from synthetic in 
consisting of a large number of organic compounds and inorganic elements, 
and also nitrogen. It is not yet known how many, if any, of the organic 
compounds are identical in both cases, but close relationships with respect 
to certain of the fundamental and important properties are definitely in- 
volved. The iron content of natural humate will vary from about 0.1 to 
1.5 per cent. as the HCl-washing preliminary to the alkali extraction (1, p. 
416) is varied from 0 to 24 hours; the iron is derived from the soil sub- 
stances. 


Humate iron and iron humate 


In preparing humate iron, an inorganic iron salt is added directly to 
a neutral solution of potassium humate of known humate concentration. A 
concentrated solution such as 10 or 20 per cent. Fe,(SO,),.9H,O is con- 
venient to employ. All preparations of natural or synthetic humates so far 
obtained have taken up at room temperatures at least 10 per cent. by weight 
of Fe, generally 15 per cent., and at times 20 to 25 per cent. The maximum 
percentage of iron held in solution by humate is substantially independent 
of the concentration of humate in the stock solution, at least over the 50- 
fold range of interest in connection with stock solutions, namely, 1 to 50 
mg. perce. It is generally desirable in the case of any particular humate to 
determine the maximum Fe/humate ratio in a small aliquot portion, and 
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then add iron to the main bulk of the stock solution to give a ratio 10-50 per 
cent. smaller. 

Ten to 20 per cent. Fe in the soluble potassium-humate-iron preparation 
approximates the proportion of iron in the ordinary iron sulphate, tartrate, 
or citrate, but the manner of combination appears to be definitely different, 
hence the term humate iron has been tentatively employed for iron thus held 
in solution, as compared with the compound iron humate highly insoluble in 
water. Adsorption and colloidal states may be involved, but a basic sub- 
stance is formed in the chemical sense that an amount of strong alkali ap- 
proximately equivalent to complete neutralization of the potential acidity of 
the iron salt, with the formation of an alkali salt and the base ferric hy- 
droxide, is necessary for the complete and stable solution of the iron in the 
neutral potassium humate solution. Humic acid itself, moreover, is not to 
be placed in the same category with simple organic acids. 

The potential acidity of the iron salt added to the humate solution low- 
ers the pH, and a precipitate of chiefly iron humate and some hydrogen 
humate is formed which is brought into solution again by further addition 
of strong alkali. The volume of solution is made up to some suitable value 
and the concentrations of humate and iron recalculated. Convenient con- 
centrations for stock solutions are 2 mg. Fe and 15-25 mg. humate per ee., 
so that an initial dosage of 1 ec. per liter of nutrient medium provides 2 
p.p.m. Fe, which, without further replenishment, should carry most bac- 
terial cultures or green plants well toward maturity. Stock solutions will 
last indefinitely without further significant change. If desired, iron- 
hydrogen humate, obtained by precipitation of humate iron at pH 3 or less, 
centrifugation, and decantation, may be dried, so stored, and later dis- 
solved with alkali as needed. If some chemical supply-house were to pre- 
pare this material and place it on the market for the benefit of investigators 
of nutritional problems, the solid form would probably be preferable, as in 
the case of many comparable indicators and dyes. 

The formation of insoluble iron or hydrogen humate is not essential to 
the process of humate iron stabilization, as can be shown by making the 
potassium humate solution appropriately alkaline with KOH before the iron 
salt is added, so that upon mixing the two clear solutions the pH immediately 
assumes an equilibrium value between 7 and 9; no precipitate is observed to 
form unless momentarily due to insufficiently rapid mixing. Above pH 10 
the maximum amount of iron kept in solution by a given amount of humate 
becomes somewhat reduced, the more so as the alkalinity is increased. In 
this same connection, a very great initial alkalinity of the humate solution 
will precipitate ferric hydroxide and greatly retard the rate and amount 
of formation of soluble humate iron. 

A ferrous salt, if employed in place of a ferric salt in the preparation 
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of neutral humate iron, is oxidized completely to the ferric state by atmos- 
pherie oxygen in a few minutes, as we have found with the Warburg 
manometric apparatus. Hence there appears to be no advantage in employ- 
ing ferrous rather than ferric iron. The ferrous salt does not reduce the 
humate appreciably during its oxidation, the rate and extent of which by 
oxygen gas are substantially the same in the presence and absence of humate, 
the pH being kept constant and either alkaline or very mildly acid. 
Attention should be called to the fact that both natural and synthetic 
alkali humates are subject to precipitation by relatively high concentrations 
of one particular element found in many plant nutrient media, namely, 
calcium. Fortunately the lowest concentration of soluble calcium generally 
eapable of causing significant precipitation, about 0.01 M, is far above 
that employed in bacterial media (0.001 M or less) and somewhat above 
that employed in the great majority of green plant nutrient media (0.002 to 
0.005 M). All humates appear to be completely precipitated at 0.01 to 0.05 
M Ca. The actual extent of precipitation depends chiefly upon the given 
concentration of calcium, but also somewhat upon the percentage of iron or 
metal attached to the humate, the particular humate preparation involved, 
and the concentration of humate. It has been observed empirically that 
the greater the capacity of a given humate to hold iron in solution (as 
humate iron) the greater the concentration of calcium required to cause 
humate precipitation (as calcium or iron humate). Certain plant nutrient’ 
media containing high concentrations of calcium may be found to precipi- 
tate some of the humate in particular humate preparations. In these cases 
it may be practicable, and not disadvantageous, to lower the calcium con- 
centration to 0.003 M. It may also be desirable to decrease the ratio of iron 
to humate in the humate iron preparation. Magnesium precipitates humates 
only at concentrations five to ten times those required in the case of calcium. 
Precipitated calcium humate is readily soluble in alkali hydroxide so long as 
the concentration of free calcium ion is low, about 0.01-0.02 M. When for 
any reason the calcium ion concentration is considerably higher than this 
value, it may be reduced below it by addition of oxalate or some similar 
substance which precipitates calcium ion, and any precipitated calcium 
humate originally present will then go into solution upon addition of any 
necessary KOH. This circumstance is very fortunate in the process of 
extracting natural humate from highly calcareous soils, or from decomposed 
filter press cake, when for some reason these substances are first acidified 
and partially dissolved. The latter, a by-product of sugar manufacture, 
contains a high percentage of excellent natural humate, but also a high per- 
centage of calcium, which with acidification would ordinarily prevent satis- 
factory solution of the humate in alkali, and would, in the absence of 
oxalate treatment, have first to be removed with great difficulty by means 
of extended acid washings. 
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Humate metals 


Humate iron is only one member of a large class of similar humate 
metals. Al, Cu, Zn, Ni, Co, Hg, Ti, Cr, Mn, ete., all form hydroxides in- 
soluble somewhere over the physiological pH range 3 to 9. Salts of these 
metals added in not too great excess lower the pH of a neutral potassium 
humate solution with the formation of more or less precipitated metal 
humate. These metal humates are dissolved upon further addition of 
alkali to give soluble, approximately neutral, humate metals. The maxi- 
mum percentage of soluble metal taken up in solution by humate is about the 
same for each metal, 5 to 20 per cent. by weight of the humate. This 
maximum percentage is practically independent of the concentration of 
humate. It represents, moreover, the maximum for the total metal held in 
solution when several metals are added simultaneously, 7.e., the metals com- 
pete with one another for maintenance in solution. When metal is added 
just exceeding the maximum percentage, the insoluble hydroxide, and not 
the soluble basic humate, of the excess metal is formed upon making the pH 
neutral with alkali. But if the excess is several times greater than the 
amount held in solution, the whole of the humate is eventually precipitated 
in a form not easily dissolved even in strong alkali. The humate insolubility 
in this case depends markedly upon the initial humate concentration. In 
all these phenomena the various metals named behave like iron. It is obvious 
that in forming stock solutions care must be taken not to add too great an 
excess of metal, or some metal hydroxide or even metal humate will occur 
as a precipitate in the stock solution brought to neutrality. ERDENBRECHER 
(4) has described somewhat similar humate metal preparations. 

A small class of metals, including Ca, Ba, Mg, ete., exists whose salts 
do not greatly alter the pH of a neutral potassium humate solution and 
whose hydroxides are relatively soluble over the entire physiological range. 
The ions of these metals form, when added to potassium humate solution in 
sufficient concentration, precipitated metal humates (e.g., calcium humate, 
magnesium humate) which are also very difficultly soluble in strong alkali. 
The precipitating concentration depends here also markedly upon the con- 
centration of humate as well as of metal. In a sense these metals may be 
considered as destroying the colloidal condition of the humate. 

Natural humate, containing as it doubtless does traces of practically 
every element of significance in the growth of green plants—and in quite 
possibly highly available form—would appear to be a somewhat ideal sub- 
stance to provide so-called ‘‘shot-gun’’ nutrition, especially when enriched 


with 5 to 15 per cent. iron and supplied as 10 to 20 parts per million of 
humate (or more), so as to provide iron at a concentration of a few parts 
per million and traces of the other elements at thousandths to tenths of a 
part per million. This iron-enriched natural humate could well be used 
in most culture work where the purpose is to obtain good healthy plant 
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growth in media varied in connections other than traces of elements. The 
use of the synthetic humate, which is somewhat more difficult and expensive 
to prepare, could be reserved for cases where it is desired to study the 
effect of intentionally added traces of specific elements and where applica- 
tion of the natural humate would obviously be undesirable because of the 
possibility of its containing these traces in significant amounts. 


Summary 

1. Efficient and detailed methods have been worked out for the pre- 
paration of synthetic and natural humates containing iron, aluminum, 
manganese, zine, nickel, copper, or other similar metals whose inorganic 
salts are ordinarily highly insoluble over some portion of the physiological 
range of pH of interest in connection with plant growth. 

2. One or two small applications of these humates will ordinarily supply 
sufficient iron or similar metal to water or sand cultures to last throughout 
the entire period of growth. The metals in the form of humates are stable in 
alkaline and neutral as well as moderately acid culture media, and are not 
precipitated by phosphate. 
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CHEMICAL CHANGES IN CARROTS DURING GROWTH 


HaNS PLATENIUS 


(WITH FIVE FIGURES) 


Introduction 


This study was carried out in connection with a general investigation 
of the factors influencing quality in carrots. It was recognized that age 
and size of the roots play an important réle in determining quality. A\l- 
though it was realized that quality in vegetables, an indefinite term in itself, 
cannot be measured accurately, it was expected that the analysis for certain 
chemical constituents would give some indication of changes in eating 
quality as well as in nutritional value of the carrots. 

Since it was necessary to take samples at various stages of the growth 
period, the plan of the experiment was enlarged so as to gain some informa- 
tion regarding the rate of growth of the plant, the rate at which certain 
mineral nutrients are absorbed, and various products of photosynthesis are 
formed. 

Materials and methods 


The carrots for this study were grown in the gardens of the Department 
of Vegetable Crops at Cornell University during the summer of 1932. 
Manure and a 5—10-5 fertilizer were applied to the soil prior to sowing. 
An overhead irrigation system supplied adequate moisture to the plants 
during periods of drought. Seed of the Chantenay variety was sown 
May 1 in rows 18 inches apart. About August 15 the carrots had attained 
the optimum size for market. Growth of the roots continued until the last 
day of sampling, October 15, but they were then of such a large size that 
they would have been considered of inferior quality on the market. 


SAMPLING 


The first sample was taken June 16, one and a half months after sowing 
of the seed. Between June 16 and August 15 the carrots were sampled at 
approximately semi-monthly intervals; after August 15 at monthly inter- 
vals. A representative sample of at least twenty individual plants was 
taken at noon of each sampling day and an aliquot of the composite sample 
was later used for chemical analysis. The whole plant with the exception 
of the smaller side roots was pulled and taken at once to the laboratory. 
Roots and tops were separated and the weight of each was recorded. The 
material from both lots was then cut into small pieces and mixed thoroughly. 
An aliquot of 100 gm. was used for the determination of dry weight while 
another aliquot of 150 gm. was dropped into jars containing sufficient 95 
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per cent. alcohol to make a final concentration of about 75 per cent. After 
boiling for 10 minutes the jars were sealed and stored for analysis. 


METHODS OF CHEMICAL ANALYSIS 


(a) Dry weicHt.—The material was dried in a ventilated oven at 60° 
C. for 40 hours after the sample had been heated at 100° for one hour to 
inactivate the enzymes. 

(b) Suaars.—A modification of the picrie acid reduction method de- 
scribed by WILLAMAN and Davison (8) was used. 

(ce) Starcu.—The extracted material was digested with takadiastase 
at 38° C. for 20 hours, filtered, and the filtrate clarified with lead acetate, 
deleaded, and hydrolyzed with dilute hydrochloric acid. Glucose was de- 
termined in the hydrolyzed material by the picriec reduction method. 

(d) Crupe FiBER.—A slightly modified official procedure was used. 

(e) Lianin.—A method which was described in detail by Putuurrs (6) 
was used. Lignin was determined gravimetrically after cellulose had been 
removed by fuming hydrochloric acid. Corrections were made for ash and 
protein. 

(f) CaLctuM AND PHOSPHORUS.—These constituents were determined 
by the official method recommended by the A.O.A.C. (5). 





Analytical results 
The results of the chemical analyses were expressed as percentages of 
dry weight, which made it possible to eliminate certain fluctuations in com- 
position caused by variations in the moisture content of the plant. In order 
to study the relationship between the rate of formation of the various chem- 
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ical constituents analyzed, the data were also caleulated as weight per plant 
or root respectively. A graphic representation of the rate of growth of the 
root, top, and entire plant is given in figure 1. The various curves do not 
give a clear conception of the true relative growth rate; a better representa- 
tion ean be obtained when the rate of growth is plotted on a ratio scale 
(fig. 2), where the paper in the vertical direction is ruled on a logarithmic 
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Fig. 2. Rate of growth of entire carrot plant, root, and top. Data (calculated on 
dry weight basis) are the same as given in fig. 1, but are plotted on the ratio scale. 


scale while the horizontal scale gives time in absolute amounts. The nature 
of the ratio seale is discussed in detail by CHappocKk (2). The spacings in 
the vertical direction represent true ratios, the slope of the curve indicates 
the rate of increase or decrease, and the slopes of different curves are com- 
parable and represent comparative rates of increases or decreases regardless 
of the absolute values. Only the slopes are comparable, not the levels of 
the points above the base line. The obvious advantage of using such a scale 
is to bring several curves close together for comparison and to show the 
true relationship between relative increases or decreases. The ratio scale 
has been used by BucHANAN and FuuMeEr (1) to illustrate the growth rate 
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of bacteria. Strangely enough, few other workers dealing with growth rates 
of plants have used this method of presentation. 

A few striking facts become apparent when the chemical composition 
of the root at the various stages of growth is examined with regard to those 
constituents which ordinarily are considered as factors determining quality. 

The moisture content fluctuated somewhat and decreased slightly with 
age. The decrease in the water content was not more than 2.5 per cent. of 
the entire fresh weight, however, and with an average moisture content of 
nearly 90 per cent. it becomes doubtful whether such small fluctuations ean 
materially influence the crispness of the tissue as far as eating quality is 
concerned. 

The total sugar content increased slowly, and on the dry weight basis 
was about 2.5 per cent. higher in the old carrots than in the young ones 
(table I and fig. 3). A very definite relation was found between reducing 
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Fig. 3. Chemical composition of carrots at various stages of the growth period. 
Data expressed as percentages of dry weight. 


sugars and sucrose. While the reducing sugars declined steadily, sucrose 
increased at about the same rate. On a percentage basis reducing sugars 
dropped to less than one-half of their original value while the percentage of 
sucrose more than doubled. In order to determine the relative sweetness of 
carrots at different stages of age it is important to identify the reducing 
sugars present, since different sugars vary widely in their relative sweeten- 
ing power. For instance, should the greater part of the reducing sugars 
be in the form of fructose, young carrots would be sweeter than old ones. 
On the other hand, if glucose forms most of the reducing sugars the relation 
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would be reversed. The isolation and identification of certain sugars in a 
mixture is a difficult procedure. Pinorr and Gupe (7) describe a color test 
using ammonium molybdate, which is fairly specific for fructose. Using 
this test, only traces of fructose could be found in the mixture of sugars 
extracted from young carrot roots. Assuming that all reducing sugar is 
present as glucose, older carrots should be 19 per cent. sweeter than young 
ones when the relative amounts of these sugars present is considered. This 
agrees very well with the fact that old carrots were found to be noticeably 
sweeter to taste than young roots. This fact conforms with the statement 
of HasseLBrina (3) who considers the natural content of sucrose as de- 
termining largely the flavor in carrots. 

The percentage of starch increased very rapidly at first to 6.6 per cent., 
then declined slowly to 1.5 per cent. of the dry weight. 

Very surprising is the fact that the amount of crude fiber, which was 
expected to increase with age, actually declined. The same holds true for 
lignin, which occurs in small amounts particularly around the tracheae. 
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Fie. 4. Rate of accumulation of carbohydrates in carrot roots. Data plotted on 
ratio scale. 
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When the growth curves for the roots and tops are considered separately 
it is found that their rates of growth differ widely (fig. 2). While the tops 
had ceased growing entirely August 15, the roots were still gaining in 
weight two months later. The tops actually lost some of their dry matter 
after August 15. This loss was partly due to respiration and the slow dying 
off of the outer leaves. It can safely be assumed, however, that the prin- 
cipal loss was due to translocation of sugars from the leaves to the roots. 
In this connection it is interesting to notice that no trace of starch was found 
in the leaves at any time. 

Figure 4 shows that reducing sugars accumulated in the roots at a 
much slower rate than sucrose, which necessarily resulted in a much lower 
percentage of glucose than sucrose at the end of the storage period. The 
formation of starch in the roots was most rapid during July, the relative 
rate of increase being greater than that of the total dry weight or of the 
sucrose content in the roots in this period. During the last month, from 
September 15 to October 15, there was a sharp drop in the starch content. 
Apparently, the starch was reconverted into sucrose, which continued to 
accumulate until the last day of sampling. 
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Fie. 5. Rate of absorption of calcium, phosphorus, and nitrogen and rate of ac- 
cumulation of starch and sugars in the entire plant. Data plotted on ratio scale. 
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In figure 5 is shown the relative rate of the absorption of some mineral 
constituents, calcium, phosphorus, and nitrogen, by the entire plant. It is 
obvious that the relative rate of absorption of minerals is much greater at 
the beginning of the growth period than at the end when compared with 
the accumulation of photosynthetic products. During the last stage some 
of the mineral and nitrogen constituents actually disappeared from the 
plant, probably through the dying off of the outer leaves. It is doubtful 
whether any minerals actually migrated out of the plant through the roots. 
The more rapid loss in calcium as compared with the loss in phosphorus or 
nitrogen is explained by the fact that the tops contained four to seven times 
as much calcium as the roots, while phosphorus and nitrogen were dis- 
tributed more evenly through the entire plant. 


Discussion 


There is a general assumption among consumers that small young carrots 
are far superior to large old ones, which is reflected by the fact that young 
carrots bring a much higher price on the market. The present study makes 
it extremely doubtful whether this assumption is justified. The analytical 
data show clearly that sweetness in carrots, which probably is controlled 
primarily by their sucrose content, increases markedly with age. 

In the present study no data were obtained which support the general 
idea that young carrots are more tender than old ones. On the contrary, 
the amount of crude fiber was found to decrease slightly with age. Several 
persons in the Department of Vegetable Crops, Cornell University, who 
compared young and old carrots with respect to tenderness, agreed that no 
significant difference could be observed between the two groups. If a 
slight difference was noticed it was always in favor of the old ones. Chem- 
ically and microscopically no change in the amount of lignified matter 
could be found. In older carrots, however, the cells of the outermost cortex 
are very much smaller, which brings the cell walls closer together and 
consequently the skin is slightly harder than in young carrots. Under cer- 
tain conditions it may be found that young carrots are more crisp than old 
ones, especially if the latter group has been kept in storage for some time. 
Crispness is controlled by the water content of the roots and the turgidity of 
the cells. 

The color of the carrots as determined by the amount of carotene present 
improved decidedly with age. Although no measurements of the relative 
amounts of carotene present were made, the difference in color was striking 
and consistent. Since it is a generally accepted theory that carotene and 
vitamin A content are closely connected, this would suggest the possibility 
that the vitamin A content in old carrots is higher than in young ones. The 
percentage of dry matter and combined sugars and starch was shown to 
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increase slightly with age while the amount of crude fiber decreases. This 
indicates that the food value of carrots tends to increase rather than de- 
crease with age. 

HAssELBRING (3) concluded from his data that starch is absent in ear- 
rots, although he cited the work of other investigators who reported its 
presence. The writer was able to verify the occurrence of starch by identi- 
fication of starch grains in the dried root tissue. 

The curves obtained for the rate of growth and the rate of accumulation 
of photosynthetic products are extremely smooth, especially if it is realized 
that this experiment was carried out in the field under variable weather 
conditions. 

The réle which the root plays as a storage organ is well illustrated. For 
two months after the tops had ceased growing, translocation of carbohydrates 
from the tops to the roots continued. 

Little work has been done on the rate at which mineral constituents are 
absorbed by vegetables. Such studies may be of importance in determining 
the proper time at which fertilizer can be applied to the plants to best 
advantage. Korowsk1 (4) made such a study for several vegetables. How- 
ever, he took only three samples during the entire growing period, and 
this can hardly be considered sufficient to give accurate data on the rate at 
which nutrients are absorbed. The present results show that all minerals 
had been absorbed by the plant at least a month before the roots obtained 
their maximum size. 


Summary 


1. Data are given which indicate that carrots lose neither in eating qual- 
ity nor in food value as they grow older. The sucrose content, which is con- 
sidered to determine flavor in carrots, rises decidedly while the percentage 
of crude fiber becomes slightly lower. 

2. Older carrots are better colored owing to their higher carotene con- 
tent. 

3. The occurrence of small amounts of starch in carrot roots was verified. 
The tops were found to be free of starch throughout the growth period. 
Curves are presented of the growth rate of roots and tops and the rate of 
accumulation of various chemical constituents in the plant. 


CoRNELL UNIVERSITY 
ITtHaca, NEw YORK 
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APPLICATION OF QUANTITATIVE SPECTRAL ANALYSES 
TO BINARY MIXTURES OF THE COMMON 
CAROTENOIDS 


ELMER S. MILLER! 


The application of quantitative spectral analyses to biological com- 
pounds was first reported by KuHN and Smaxkuua (1) in 1931. By trial 
and error, they varied the amounts of each component in solution until the 
resultant absorption curve was identical with that obtained for the un- 
known mixture. At best, this method is limited in its application. The 
accurate spectro-photoelectric method described by ZscHEILE, HoeNneEss, 
and Youne (2) has been used to obtain the quantitative data presented in 
this paper. 

From Lambert’s law, we obtain this relationship? (ZscHEILE, 3) : 








I, 
log — =aex (1) 
I, 
When two components are present, the effective absorption coefficient 
Br (for the total number of components) is defined by the following con- 
sideration : 
Let: 
By =a,¢, and B. = G2Co 
Cr =¢, + ¢, (the total concentration) (2) 
and 
Br=ar Cr (3) 
then 
Br = B, + B= a1 C1 + Oe Co=ar (¢, + Cy) (4) 
From ZscHEILE (3) 
:. ss 
log : Brx = arerx (5) 
If for some wave length, NV, a,’ =a,’ 


1 National Research Fellow in the Biological Sciences. 
2In the equations superscripts refer to wave lengths and subscripts to the different 
components, and 
I, = intensity of light transmitted by solvent-filled cell. 
I, = intensity of light transmitted by solution-filled cell. 
x = thickness of absorption cell (4.25 em.). 
B = absorption coefficient. 
a=specifie absorption coefficient. 
¢e=concentration in gm. per liter. 
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then 
Br’ =a,’ (ce, + ¢,) (6) 
Thus when Br is measured at }’, and a, and a, are known, ¢y may be 
calculated. 


The relative and absolute amounts of components 1 and 2 ean be deter- 
mined by measurement of Br” for some other suitable wave length )” for 
which there is an optimum difference between a, and a.; thus 


Br” =a,” ¢, + a2” C, (7) 
Hence, ¢, and ¢, can be determined by solving equation (2) and equa- 
tion (7). 
It is not necessary to use a wave length for which a,=a,. In general, 


e, and ec, can be determined by solving simultaneously two equations like 
(7) obtained for two suitable wave lengths. 


Accurate analyses of binary mixtures of the carotenoids 


Before the analyses of binary mixtures can be undertaken, it is neces- 
sary to determine the absorption coefficients of the pure components (fig. 1, 
Plant Physiol. 9: 693. 1934). These data permit the selection of the 
suitable wave lengths of light to be employed in the analyses. 

Since the total concentration of the mixtures was known (1.2 mg./L.), 
Br was not measured at a wave length at which components 1 and 2 absorb 
equally. In figure 1,° it is seen that both the carotene isomers absorb 
equally at 4450 A. U. Hence, from experimentally determined values of Br 
at this wave length, it is possible to calculate the total concentration 
(c,+¢,) by equation (6). The percentage composition of each component 
present can then be determined by the measurement of Br” (equation 7). 
For the purpose of checking upon each other, two or more wave lengths 
were employed. The standard solutions were made up with an accuracy 
of less than 1 per cent. error. 

The effective absorption coefficient, a7, for known mixtures was plotted 
against compositions. This gives a straight line relationship which may be 
used in the analyses of unknowns (ZscHEILE, 3). This straight line 
relationship also indicates that Beer’s law holds for the concentration 
employed. 

ar is obtained from measurements for which equation (6) is employed. 
The following equation (8) shows analytically that such a relationship 





( a ) should exist. From equation (4) we obtain, 


C, + Cy 
ec ¢é. ec ce 
ar = a, —— + a, —*~ = a, —*— + a, ( 1-—2 ) 
C, +e, C, +e, e,+¢, €, +e, 


3 In this study, the same solvent was employed as in Plant Physiol. 9: 693-694. 1934, 
and reference 4. 
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or 
Cy 
a= (1-43) og + (8) 

The percentage composition of mixtures of alpha and beta carotene, 
beta carotene and lycopene, and lycopene and leaf xanthophyll were caleu- 
lated from the experimental data at the various wave lengths by employing 
equation (8) and the final values of a,, and a, (of the pure components), 
as presented in fig. 1. The percentage composition for the binary mixtures 
of the carotenes are summarized in Table 1. The greatest deviation from 
the true composition in any mentioned binary mixture is 0.8 per cent. and 
the accuracy of this method may be seen by a comparison of the first and 
last rows of figures. 


TABLE I 


QUANTITATIVE SPECTRAL ANALYSES OF MIXTURES OF ALPHA AND BETA CAROTENE IN 20.0 PER CENT. 


ETHER AND 80.0 PER CENT. ETHANOL 








COMPOSITION IN TERMS OF BETA CAROTENE 











aia ~ EXTRACT OF 
a 5.0 | 10.0 | 25.0 | 50.0 | 75.0 | 90.0 | 95.0 ANALYSES IN 
SAMPLES 
Wave length % % % % % % % I II 
Quantitative 46364.U.| 5.3 9.8 | 25.2 | 50.2 | 75.2 | 89.9 | 94.5 | 69.2 | 69.3 
spectral 48624.U.| 48 | 9.9 | 24.9 | 49.8 | 748 | 90.2 | 95.2 | 69.7 | 69.1 


| 
| 
analyses 4956 A. U. 5.4 10.1 25.1 50.0 74.8 | 90.3 94.8 67.5 | 68.2 


Av. per cent. composition 5.2 9.9 | 25.1 | 50.0 | 74.9 | 90.1 | 94.8 | 68.8 | 68.9 






































Analyses of unknowns 


Columns I and II in table I contain the analyses of solutions of unknown 
composition. Determinations for the three wave lengths agree within 1 per 
cent. error. This method is now employed for the quantitative analyses of 
the carotenoids present in the grasses with about the same degree of accu- 
racy. Thus, by this spectro-photoelectric method, it is possible to analyze 
unknown binary mixtures of the carotenoids and to determine the total con- 
centration and the percentage composition with an error of about 1.0 per 
cent. 


Summary 


1. Quantitative spectral analyses have been applied to binary mixtures 
of the common carotenoids. The percentage composition of binary mix- 
tures of the carotenoids were determined with an error of about 1 per cent. 
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2. Over a limited range of concentration, it has been shown that Beer’s 
Jaw is obeyed by binary mixtures of carotenoids. 


The writer wishes to express his appreciation to Prof. T. R. Hoaness 
for suggestions and invaluable criticism during the progress of this inves- 
tigation, and to Dr. F. P. Zscuerue for his valuable criticism of the paper. 


GEORGE HERBERT JONES CHEMICAL LABORATORY 
THE UNIVERSITY OF CHICAGO 
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WHAT THE ORGANIC CHEMIST CAN DO FOR PLANT 
PHYSIOLOGY? 


HUBERT BRADFORD VICKERY 


It is not customary for addresses made to scientific gatherings to be 
founded upon a text after the manner of a sermon. Notwithstanding this, 
I am going to use a text on the present occasion. <A few years ago a valuable 
little book appeared entitled ‘‘Recent Advances in Plant Physiology,’’ 
written by E. C. Barton-Wrieut, of King’s College, London.? In the 
preface to the book the author makes the following statement : 

‘*Our present knowledge of plant metabolism is very seriously deficient 
in several directions. This unfortunate state of affairs is due to several 
causes, among the principal of which is the fact that in plants several com- 
plex chemical reactions take place within the compass of a single cell, which 
makes the matter difficult of investigation. Nevertheless, the difficulty is 
intensified by the sporadic invasions of organic chemists into a domain of 
which they have little or no knowledge, with ready-made explanations based 
on in vitro experiments which are probably remote from the chemical reac- 
tions of the living plant. It is difficult to know why botanical physiology 
should be made the general playground for the imaginative theorising of 
persons who have no very reliable knowledge of the living plant.’’ 

It seems to me that the occasion of a STEPHEN HALEs address by one who 
is frankly a chemist, and who certainly lays no claim to a ‘‘reliable knowl- 
edge of the living plant’’ presents an opportunity for a defense of the cus- 
tom imputed to us chemists of straying into places where we do not belong, 
and where apparently we are not universally welcomed. 

Has the organic chemist anything to offer to plant physiology that 
entitles him to expect a welcome? One of the greatest of recent plant physi- 
ologists, evidently believes that he has. The late KostycHev writes,’ ‘‘ Phys- 
iology endeavors to trace the phenomena of life to the general laws of 
chemistry and physics, 7.e., in the final analysis, to state all the chemical 
processes in organisms by chemical equations, and to interpret the energy 
transformations and the entire structural features on the basis of physical 
laws.”’ 

Let us consider this view of the aims of physiology in a little detail. The 
plant absorbs its nutriment from the soil in the form of an aqueous solution 
of inorganic ions, the most important being nitrate, ammonium, phosphate, 


1 Third STEPHEN HALES address, read at the Boston meeting, December 29, 1933. 

2 BARTON-WRIGHT, E. C. Recent advances in plant physiology. Blakiston. Phila- 
delphia. 1930. (p. vi.) 

3 KostycHeEv, S. Chemical plant physiology, translated by C. J. Lyon. Blakiston. 
Philadelphia. 1931. (p. xiii.) 
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and potassium, with magnesium, calcium and a number of others of less 
significance only inasmuch as they are needed in smaller amount. Its ear- 
bon it takes directly from the air as carbon dioxide. From these extremely 
simple components the cells manufacture all that is required for the growth 
and reproduction of a highly complex organism. No one can state the num- 
ber or the identity of the organic substances in a plant cell. We know in a 
general sort of way that the cell contains proteins, carbohydrates, fats, 
lecithins, sterols, hydrocarbons, hydroxy-acids, amino-acids, peptides, 
amides, purines, betaines, quaternary bases such as choline, to mention some 
of the better recognized types of substances; in addition there are enzymes 
—substances probably of protein nature which act as catalysts of the 
myriads of reactions that occur—and inorganic salts. 

As I see it there are two main groups of plant physiologists—those who 
are chiefly interested in such topics as plant movements in response to vari- 
ous stimuli, in the response of the plant to changes in illumination, or of 
temperature, or of the composition of the air surrounding it, or of the soil 
solution that bathes its root; in short those who are concerned with the 
behavior of the plant unit as a living organism. But there are also many 
who are interested in the detailed problems of plant function, in the means 
by which it absorbs its food, and what it does with it, in the mechanism 
whereby it transports the elaborated products derived from the food sub- 
stances, in its eapacity for food storage and subsequent utilization, in its 
response to adversity, or injury. Such people have an insatiable curiosity 
to discover ‘‘how it works,’’ and it is to these that the chemist can render 
his chief service. 

I wish to discuss two of the functions that the chemist fulfils for these 
persons. He can supply them with methods, and he can supply them with 
eritique—both of these functions are of far-reaching importance. 

Measurement is a primary requisite to real advance in knowledge. The 
human mind responds most eagerly when a statement is couched in quan- 
titative terms. We may be interested to learn that business is better, but 
the information that the bank clearings have increased by such and such a 
sum during the past week is far more meaningful. It is of more significance 
to state that a leaf, when placed in water, has increased in weight by such 
and such a per cent., than to state that it has become more turgid. 

The function of the chemist is to supply methods whereby accurate meas- 
urements of the composition of tissues can be made. It is his responsibility 
to see to it that his method shall be specific and, where this is difficult or 
impossible, to provide for controls and corrections whereby the effect of inter- 
fering substances is minimized. It is his further responsibility to see to it 
that his method is accurate and reliable. In addition it is thoroughly desir- 
able that his method shall be rapid and convenient. Methods that combine 
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all three features of specificity, reliability and convenience will occur to all 
of you. Some of these methods, such as the Kjeldahl method, have become 
integral parts of the equipment of every laboratory; others, such as the 
quinhydrone method for hydrogen-ion activity measurements, are now very 
commonly employed, while still others, such as an extensive group of colori- 
metric methods which require the use of a spectrophotometer, are only be- 
ginning to make their way into physiological laboratories. Many methods 
require the development of special equipment for their convenient applica- 
tion. This has certain disadvantages, especially when funds are limited, but 
the psychological effect is usually good. One approaches a piece of new 
apparatus with a species of awe and, after he has turned a stop-cock at the 
wrong moment a few times, this may change to annoyance; but finally, when 
he has compelled that inanimate object to tell him the truth again and again, 
his feeling becomes tinged with respect, and he acquires a sense of mastery 
over nature that is not without its own peculiar reward. 

This brings me to another point. One may develop a method that has all 
desirable features, and describe it in full detail, but no control can be exer- 
cised over what the users of the method may do with it. There is probably 
no method so simple that it does not have to be learned by repeated trial. 
Even a chemist gets out of practice in weighing at the ordinary analytical 
balance ; a modern microbalance requires a ritual that has to be painfully 
acquired. No one can expect to take a new method into the laboratory and 
apply it without going through a long series of control tests on known 
amounts of the material under study, together with blank tests to discover if 
his particular set of reagents is above reproach. Furthermore there is no 
justification for dismissing a new method that has failed to work until one 
is certain that he has followed directions implicity and exactly. The con- 
verse of these propositions is equally important. No chemist should publish 
a method until he has made certain, by many tests, that it will do what he 
claims for it, and his obligation for concise and accurate description is, of 
course, supreme. 

I wish to turn now for a moment to the other important function that I 
think the chemist can fulfil in his connection with plant physiology, namely, 
that of criticism. It is always interesting to read of the advance that some- 
one has made in unraveling the chemical reactions that take place in the 
living cell. But there is also the obligation to examine the method by which 
the results were obtained to see if it really is capable of yielding an un- 
equivocal answer. May I cite an example? <A few years ago it was noted in 
our laboratory,* that the quantity of ammonia yielded by mild acid hydrol- 
ysis of extracts of tobacco leaf varied widely with the concentration of the 
acid, if hydrochloric acid were employed. The procedure was designed to 
determine the quantity of amide nitrogen in the extracts; the answer pro- 


4 VickERY, H. B., and PucHER, G. W. Jour. Biol. Chem. 90: 179-188. 1931. 
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vided by the experiment was that the quantity varied according to the 
strength of the reagent—a manifestly absurd result. The difficulty was 
soon traced to the nitrate which is present in unusually high concentration 
in tobacco leaf extracts. This reacted with the hydrochloric acid and some 
easily oxidized constituent of the extract to yield ammonia. The difficulty 
disappeared when we employed sulphuric acid. As a result of this experience 
I always note carefully the reagent that is employed for the hydrolysis of 
amides when I see a paper on this subject. If the author used hydrochloric 
acid, and failed to demonstrate the absence of nitrate, I am compelled to 
discount the accuracy of his determinations and consequently of his con- 
clusions as well. 

A rather striking example of the necessity for critical examination of pub- 
lished results occurs in the splendid review of organic acid metabolism re- 
cently published by BENNET-CLARK.® The author quotes a great deal of ex- 
perimental work on the change in the acid content of leaf tissues when these 
are placed under various conditions. He discusses the changes as if they 
were due to variations in the proportion of malic acid, although what was 
measured was the titratable acidity. He may be correct in his assumption, 
but there is no demonstration of this. It is certain that the titratable acid- 
ity changed, but there is no certainty that the malic acid was responsible— 
this is pure assumption, consequently the theoretical interpretation loses 
much of its foree. BENNET-CLARK himself draws attention to the necessity 
for critical examination of experimental conditions. He points out that 
many of RAISsTRICK’s supposedly aerobic mold cultures were really grown 
for part of the time under anaerobic conditions inasmuch as air was circu- 
lated over the solution in the plugged flasks only once a day. 

Considerations such as these impel me to believe that the plant physi- 
ologist can ill afford to dispense with the codperation of the chemist. In 
fact I am prepared to go further. If plant physiology proposes to advance 
beyond the stage of a purely descriptive science, if it is really the aim of 
this science to account as far as possible for the phenomena of life, and 
growth, and reproduction in the plant world without resort to vitalistic 
hypotheses, there is no question in my mind but that the attack on the prob- 
lem must be made by chemical methods. 

The major obligation in life of many, perhaps most, of my audience is 
that of teaching. You have in your hands the preparation of the younger 
workers for the investigations that lie ahead. Allow me to urge you to place 
the greatest emphasis of which you are capable upon the necessity for thor- 
ough preparation in chemistry. I should subordinate this only to the train- 
ing in that most difficult of all human activities, clear and logical thinking. 

CONNECTICUT AGRICULTURAL EXPERIMENT STATION 

NEW HAVEN, CONNECTICUT 


5 BENNET-CLARK, T. A. New Phytol. 32: 32-71, 128-161, 197-230. 1933. 





A LARGE-CAPACITY DRYING OVEN WITH CONSTANT 
UNIFORM TEMPERATURE AND FORCED 
VENTILATION 


EMMETT V. MARTIN 


(WITH ONE FIGURE) 


Temperature and rate of drying are important factors in desiccation 
of plant material for analysis. Various temperatures, ranging from 30° to 
105° C., have been used for this purpose, although there is no particular 
one which is entirely satisfactory in all respects. In the higher range there 
may be a decrease of soluble nitrogen by coagulation, and caramelization 
of the sugars may occur, while at the lower values there will be enzyme 
action and respiration. TorrincHaAM and Linx’ have made a special study 
of methods of desiccation of plant tissue, and have given data showing that 
preparation under widely different conditions yields results that are not 
comparable. They conclude that material which dries readily undergoes 
least destructive change with a temperature of about 65° C. When the 
material is dried in an oven with very little ventilation, the humidity soon 
becomes so high that drying proceeds very slowly, thus allowing destructive 
action to continue for a longer period of time. If one wishes to compare 
analyses of stems and leaves, the former should be sliced longitudinally into 
slender strips so that they will dry more quickly. Leaves also can be cut 
into a number of pieces to similar advantage. When the material is placed 
in the oven, it should be well spread out to allow good circulation of air 
around all parts. 

In the preparation of plant tissue for analysis, therefore, it is desirable 
to use an oven that has a fairly constant uniform temperature and good 
ventilation. Furthermore, if considerable quantities are to be dried, a 
rather large capacity is needed. Such ovens are obtainable, but the expense 
may in some cases be prohibitive. It is the purpose of this paper to de- 
scribe an oven that can be constructed by local sheet-metal workmen at 
much lower cost than its equivalent can be purchased from manufacturing 
companies. 

In figure 1 is shown a diagram of a cross-section through the center of 
the oven, drawn to scale. It is made up of three separate sections, A, B, 
and C. Section A comprises the oven proper, C contains the heaters, and 
B provides extra insulation between A and C. The outside dimensions of 

1 Link, K. P., and TorrincHamM, W. E. Effects of the method of desiccation on the 


carbohydrates of plant tissue. Jour. Amer. Chem, Soc. 45: 439-447, 1923 (also 47: 
470-476. 1925). 
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section A are 36” x 20” x 183”, the inside are 32” x 18” x 15”, while others 
are shown in the illustration. 

The walls are constructed of no. 26 galvanized sheet-iron of two layers 
1” apart, except on the floor of section A where the spacing is 2}”. The 
spaces between layers are filled at the rate of 12 pounds per cubic foot with 
loose rock wool, manufactured by the Gimeo Rock Wool Products Co. The 
four shelves in section A are made of no. 24 galvanized sheet-iron, with the 
edges bent over }” for added strength. In the center of each shelf and in 
the top of the oven there is a slot 14” x 16” to allow for the passage of air. 
The shelves rest on slides at each end of the oven and are removable. 

The amount of air that passes over each shelf is controlled by a dia- 
phragm opening at each end (fig. 1). These openings are ?” x 16” and ean 
be partially or completely closed by means of covers (C, D). These covers 
are adjustable and are held in place by means of a thumbscrew in a slot at 
each end. 

Heat is furnished by four coils (H) of no. 26 B. & S. gauge chromel A 
wire wound on strips of transite }” x 14” x 18”, supported in place by angle 
irons. The two outer coils are connected in series and draw 405 watts from 
a 110-volt A.C. source, while the two inner ones, also in series, take 235 
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watts. When the oven is in operation the 405-watt coils are heating con- 
tinuously, but the 235-watt coils are controlled by a DeKhotinsky bimetal- 
lie thermoregulator which projects through the rear wall into the center of 
the space above the top shelf (shown as small circle in figure 1). Electri- 
cal connections to the heaters are made through binding posts insulated 
from the walls by fiber tubing and washers. 

Ventilation is produced by a no. 1 baby conoidal blower manufactured 
by the Buffalo Forge Co. This blower is mounted on a small platform 
attached to the rear of section C. Air is passed from the blower to this 
section through a short metal tube, which is round at the blower end and 
square at the oven end. In this tube is mounted an adjustable damper for 
the control of air flow. The blower has a capacity of 78 cubie feet of air 
per minute, but its delivery is limited in this case to approximately 12 cubic 
feet per minute. With this rate of flow the air in the oven is replaced more 
than twice per minute. 

The course of air through the oven is indicated in the figure by small 
arrows. Leakage between the sections is prevented by padding the points 
of contact with asbestos, and the sections are prevented from slipping on 
each other by flanges. The diaphragm covers (C, D) are adjusted so that 
approximately the same amount of air passes over each shelf. To accom- 
plish this, the top covers are nearly closed and the bottom ones wide open; 
the openings of the others are graduated accordingly. 

Between sections A and B is an air space open at the front and back to 
the outside. This space and the thick floor of A effectively prevent any 
transfer of heat from the heaters through the floors to the lower shelf. This 
is necessary in order to obtain uniform temperature in the oven. 

Measurements of the temperature distribution within the oven were 
made by means of six thermocouples operating simultaneously at different 
points. Readings were taken every few minutes over a complete cycle of 
opening and closing of the thermostat contacts. The couples were then 
moved to other points and further readings taken. This process was re- 
peated until all regions of the oven had been covered. The maximum dif- 
ference in temperature found was 7° C., and its variation at any particular 
point was not more than 2° C. from the mean at that point. During these 
tests the thermostat was set at approximately 65° C., registered by ther- 
mometers marked 7 in figure 1. 


Summary 


1. For preparation of plant tissues for analysis, it is desirable to have 
a drying oven of fairly constant uniform temperature, good ventilation and 
large capacity. 
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2. The oven described has the following advantages and character- 

istics: 

a) It can be made by local sheet-metal workmen at much lower cost 
than its equivalent can be purchased from manufacturing com- 
panies. 

b) It has a volume of 5 cubic feet and a shelf space of 20 square feet. 

ce) No two points differ in temperature by more than 7° C. 

d) The temperature at any particular point does not vary more than 
2° C. from the mean at that point. 

e) The air is replaced more than twice per minute. 

f) Its maximum power requirement is 640 watts. 


CARNEGIE INSTITUTION OF WASHINGTON 
SANTA BARBARA, CALIFORNIA 











BRIEF PAPERS 





QUANTITATIVE ABSORPTION SPECTRA OF THE 
COMMON CAROTENOIDS? 


(WITH ONE FIGURE) 
The specific absorption coefficients in the visible spectrum have been 


determined for alpha carotene, beta carotene, leaf xanthophyll, and lyco- 
pene? in solution. These carotenoids were prepared by the best available 
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Fie. 1. Quantitative absorption spectra of the common carotenoids. 


1 Contribution from the George Herbert Jones Chemical Laboratory, University of 
Chicago. 


2 Lycopene sample was purified and furnished by M. B. Matiack, Bur. of Chem. and 
Soils. United States Department of Agriculture. 
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chromatographic methods, care having been taken to exclude oxygen in the 
important purification processes. The specific absorption coefficients (fig. 
1)* were later used as the standards of purity of the various samples em- 
ployed. This method being more sensitive and therefore more reliable than 
either of the methods employing the melting-point or optical rotation— 
although the latter two were used in the earlier stages of purification. 

The solvent employed was 80 per cent. absolute ethanol and 20 per cent. 
anhydrous diethyl ether. All of these carotenoids were sufficiently soluble 
in this solvent. The specific absorption coefficients were determined with 
an accuracy of less than 1.3 per cent. error, by a method (Jour. Phys. Chem. 
38: 1-11. 1934.) which employs the photoelectric cell to determine the 
light intensities. 

By selecting suitable wave-lengths (fig. 1), accurate quantitative spectral 
analyses of ternary mixtures of alpha and beta carotene or leaf xanthophyll, 
beta carotene, and lycopene have been made with an error of less than 2.5 
per cent. It is expected that ultimately a procedure will be developed 
whereby all the photosynthetic pigments may be analyzed in the presence 
of each other by this optical method—E.uMer S. Miuuer,* University of 
Chicago. 

3In Plant Physiol. 9: 179. 1934: It is obvious that the carotene with the maxima 


farthest toward the infra-red should be beta carotene instead of alpha carotene. 
4 National Research Fellow in the Biological Sciences. 























NOTES 


Annual Election.—The secretary-treasurer, Dr. A. E. MuRNEEK, has 
announced that the Society has chosen Dr. Burton E. Livinaston, Johns 
Hopkins University, as its president for 1934-1935. The vice-president 
elect is Dr. JAMES P. BENNETT, University of California. This happy out- 
come of the election insures an auspicious inauguration of the Society’s 
second decade of service to botanical science. All members will wish to 
enter into active cooperation with the officers to plan and to achieve ever 
more important objectives. 


Pittsburgh Meeting.—Plans for the Pittsburgh meeting are being for- 
mulated by the program committee. Every member who can do so should 
make arrangements to attend this meeting. It is the eleventh annual meet- 
ing of the Society, and is centrally located for the eastern and middle west- 
ern members. The meetings have become more and more valuable each year, 
so that one can hardly afford to miss them. When the officers call upon 
members for service in connection with the meetings, it is hoped that no one 
will refuse to share in the responsibilities, privileges, and duties of member- 
ship. As full information as possible will be carried in the October number 
of PLANT PHysIOLoey. 


Berkeley Meeting.—The summer meeting held in connection with the 
meeting of the A. A. A. S. at the University of California during the week 
of June 19-23, was well attended, and much enjoyed by those whose good 
fortune it was to be present. It brought together most of the plant physi- 
ologists of the western states, with a modest attendance from the east. 
The papers submitted were pooled with those of a physiological nature 
submitted to the Botanical Society of America and three joint half-day 
sessions were held. A wide variety of subjects were discussed in the 
thirty-four papers presented. Of especial interest was a symposium on 
absorption conducted by D. R. Hoacuanp, 8. C. Brooks, L. R. Buinxs, 
F. C. STEWARD, and PIERRE PREvoT. Several papers on absorption were 
read also in the regular sessions so that this subject proved to be the out- 
standing one at this meeting. Attendance at the physiological sessions was 
very good, as many as one hundred being present at times. Two excellent 
and interesting public addresses of interest to physiologists were delivered 
on Thursday afternoon by Prof. G6TE TuREsson of the University of Lund, 
Sweden, and Prof. H. C. THompson of Cornell University. 

An interesting feature of the meetings was a series of open-house ex- 
hibits and demonstrations by various departments of the University. Of 
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especial interest to plant physiologists were those showing the greenhouse 
and laboratory equipment and the experimental work under way by the 
Department of Botany and the College of Agriculture. The week ended 
with a number of excursions to such points of interest as Stanford Uni- 
versity, University Farm and Agricultural Laboratories at Davis, Califor- 
nia Academy of Sciences and Golden Gate Park, Muir Woods, Yosemite 
Park, and Mariposa Grove. 


New England Section.—The first meeting of the New England Section 
at Amherst on May 25-26, 1934, was decidedly successful. The attendance 
was close to 75, which compares favorably with the number in attendance at 
annual meetings of the Society as a whole. The programs consisted of six- 
teen papers, eight on Friday afternoon, and eight on Saturday morning. A 
dinner was held at Draper Hall on the campus of the Massachusetts State 
College, Friday evening. Dr. C. G. DeuBrer, Yale University, presided at 
the banquet, and the two speakers were Dr. H. P. Baker, President of Mas- 
sachusetts State College, and Dr. F. A. Wauau, Professor of Landscape 
Architecture. It was a very happy occasion for every one, and the meeting 
throughout was marked with optimistic enthusiasm. The 1935 meeting is 
to be held at the University of New Hampshire, Durham, New Hampshire. 
This Section is enjoying a well-deserved success, and setting an example 
that members in other regions may wish to emulate. 


Chemical Methods.—Only about 35 sets of the reports of the Chemical 
Methods Committee remain unsold. There may be among the more recently 
elected members some who would appreciate owning a set of these reprints 
with their valuable summaries of analytical technique and their literature 
lists. As long as they last they can be obtained from Dr. W. E. Torrine- 
HAM, Agricultural Chemistry Building, University of Wisconsin, Madison, 
Wisconsin. Those who want them should act quickly, before the supply is 
completely exhausted. 


Directory.—The secretary-treasurer expects to issue a new membership 
directory during the coming year. Data will be required from each mem- 
ber in order to make it quite accurate and up-to-date. When information is 
requested for this directory, it is imperative that it should be furnished 
promptly. Dr. MurNEEK asks your hearty cooperation in getting together 
the material necessary for the membership list. 


Endowments.—Two of the three endowment funds of the American 
Society of Plant Physiologists continue to increase slowly. The CHARLES 
Rew Barnes life membership endowment fund contains nearly $1,475, and 
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the general endowment is now $175. The STEPHEN HALEs prize award en- 
dowment fund remains at $1,100. Gifts to these endowments may be made 
at any time. Even small gifts are handled in such manner that they begin 
to yield interest toward the objectives of the endowments immediately upon 
receipt by the secretary-treasurer. Other scientific organizations have found 
that permanent endowments are necessary to their permanence and sound 
development. The financial arrangements of the Society contemplate a per- 
manently growing endowment, and it is a privilege to contribute to the finan- 
cial stability of its work. This privilege any member may share if he so de- 
sires. 


Charles Reid Barnes Botanical Laboratory.—The botanical laboratory 
erected at the University of Chicago several years ago has been named the 
CHARLES Re BarNnEs Botanical Laboratory by recent action of the Board of 
Trustees of the University. Dr. BARNEs was the first professor of plant 
physiology at Chicago, and was a leader in the development of experimental 
laboratory courses in this field. His ability as critic and lecturer, his un- 
flinching courage and inspiring personality endeared him to all of his stu- 
dents and colleagues. He lost his life in February, 1910, at the age of 51 
years, as the result of a fall on icy pavements as he attempted to meet an 
engagement with a graduate group in plant physiology. It therefore seems 
very appropriate that this laboratory, devoted mainly to plant physiology 
and plant pathology, should be named for one so intimately associated with 
the beginning of laboratory training in plant physiology in the United 
States. 


Chlorophyll and Carotenoids for Research.—It is now possible to 
obtain chlorophyll and carotenoids for research and commercial purposes 
in almost any quantity desired. The American Chlorophyll Co., 3240-3244 
K St. N. W., Washington, D. C., has developed extraction on a large scale, 
and offers chlorophyll 5 x, which is claimed to be a highly purified prepara- 
tion of chlorophylls qg and 8. The grade 3 x is not so pure, but a good grade. 
They have also prepared and can furnish salts as follows: sodium mag- 
nesium chlorophyllin, sodium iron chlorophyllin, sodium copper chloro- 
phyllin, copper pheophytin, and iron pheophytin. The characteristic 
alcohol, phytol, is offered in pure and crude forms. Both carotene and 
xanthophyll may be had in crystalline form, and carotene in oil. One 
thing that should be done at once is to subject the chlorophyll prepara- 
tions and the carotenoids to examination by the methods of ZscHEILE, 
MILLER, and their co-workers to determine how constant are the propor- 
tions of a and £ in different samples, and what these newer methods reveal 
as to actual purity of the preparations. The development of such sources 
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of material is a highly commendable project. Inquiries may be addressed 
to Robert H. Van Sant, President of the American Chlorophyll Co. 


Plant Biochemistry.—In the July, 1933, number of PLANT PHysIOLOGy 
a preliminary notice of a manual of plant biochemistry was published. The 
completed volume, Plant Biochemistry, By Dr. W. E. TortinaHam, Univer- 
sity of Wisconsin, has just been received from the publishers, The Burgess 
Publishing Co., Minneapolis, Minnesota. It is mimeographed, handsomely 
bound in green flexible leatherette binding, and contains 219 pages. There 
are 11 chapters with the following titles: General aspects; the materials of 
metabolism; the photosynthesis of carbohydrates; the metabolism of carbo- 
hydrates ; fat metabolism ; the metabolism of nitrogen compounds; physico- 
chemical relations of the plant cell; the nature and function of enzymes; 
chemical aspects of respiration; salt nutrition; and climatic effects in me- 
tabolism. The work is a noteworthy attempt at orderly consideration of the 
chemical processes of plant life. Copies may be purchased at $4.25 each. 
Orders should be sent directly to the Burgess Publishing Co., 426 So. Sixth 
St., Minneapolis, Minnesota. 


Electrokinetic Phenomena.—A very useful monograph, Electrokinetic 
Phenomena and their Application to Biology and Medicine, by Haroxp A. 
ABRAMSON, has been published by the Chemical Catalog Co., New York. 
The earlier chapters discuss the historical development of electrokineties, 
early theories, methods of experimentation, and the more recent theories. 
Chapter V deals with proteins and related compounds; chapter VI with the 
general effects of salts on inert surfaces; chapter VII with inorganic sur- 
faces ; and chapter VIII with organic surfaces. The last three chapters con- 
sider the electrokinetics of gases, the electrical phenomena of blood eells, 
spermatozoa, tissues, etc.; and bacteria, antibodies, and viruses and related 
systems. There are several appendices, followed by author index and sub- 
ject index. It is an American Chemical Society Monograph, no. 66, bound 
in the same style as other monographs of this series. Much of the informa- 
tion will be useful to plant physiologists, although the applications are most 
frequently made in the zoological and medical fields. The problems dealt 
with are of universal occurrence, and concern the materials with which any 
of us work. The price of the book is $7.50 per copy. 
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